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This dissertation is dedicated to my wife and our parents. 
ABSTRACT 
The beats of solution at 25.0.! 0.1 °C for each member of hydrogen-
deuterium isotopic pairs (chloroform/chloroform-d, acetone/a.cetone-d6, 
methanol/methanol-d1, ethanol/ethanol-dl' and water/heavy water) have 
been determined as a function of molality in a variety of solvents. 'Ihe heats 
for most of the systems could be described as a linear function of average 
molality with an average deviation in fit of less than one per cent. Using these 
linear equations, heats of solution at infinite dilution were obtained by extrap-
olation to zero molality. 
'lbe heats of solution at infinite dilution of the hydrogen containing com-
pounds were subtracted from those of the corresponding deuterium containing 
compounds to yield isotope effects on heats of solution. 'Ihese isotope effects 
were interpreted in terms of hydrogen bonding and an empirical equation for 
the prediction of enthalpies of formation of hydrogen bonds. It was concluded 
that for a. given isotopic pair the deuterium isomer is both more strongly and 
more extensively hydrogen bonded to bases than the hydrogen isomer. 
Heats of solution of water and heavy water were determined in each 
other as solvents and in the equimolar mixture as solvent. Considering the 
formation of HOD to be entirely responsible for the heat effect and using 
2 
K = 3. 8 = XJron I<X:a: o:XU d where X represents mole fraction gave 
2 2 
7. 88.! o. 05 cal/mole for the heat of formation of HOD in mixtures of water 
0 
and heavy water at 25 C. 
0 With the experimental results at 25 C for the mixing of different pairs 
. :·~~ :set ~(pi~~ methanol-41~ .. water, heavy water), near IDfltdte dflutlon 
of one component, the enthalpy change for the complete hydrogen-deuterium 
transfer between methanol (one mole) and heavy water (one-half mole) has 
been calculated. Values of -95 and -97 cal/mole were obtained for this 
transfer by two independent schemes. 
The studies performed in this work have yielded some of the first 
definitive data concerning the effect of deuterium versus hydrogen on inter-
molecular interactions. The results have not only demonstrated that isotope 
effects on heats of solution are measurable but also that they are amenable 
to meaningful interpretation. 
iv 
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I. INTRODUCTION 
Since the discovery1 of deuterium in 1931, a great deal of effort has 
been expended in comparing the properties of deuterium-containing compounds 
to those of the corresponding hydrogen compounds. All such studies have been 
generally classified as deuterium isotope effects. The isotope effect on the 
enthalpy change of thermodynamic processes for nonelectrolytes in the liquid 
or solution state forms the basis of the present work. 
Thermochemical hydrogen-deuterium isotope effects for nonelectro-
lytes may be divided into three general categories: those involving the separ-
ate and pure isotopic isomers; those involving solutions of two isotopic com-
pounds; and those involving systems of the isotopic isomers separately with 
another compound or compounds. The present work is focused mainly at the 
third category and only slightly at the other two. However, since all three 
are interrelated, a summary of the published work in each will be presented. 
Other published work pertinent to the present study will also be given. 
A. Pure Isotopic Isomers 
The most studied thermochemical isotope effect for pure compounds 
has been that on the heat of vaporization. Almost all of these heats of vapor-
ization have come from the temperature dependence of vapor pressure. 
2 
Rabinovich has reviewed isotopic vapor pressure studies through 1960. Es-
sentially three experimental techniques were used in these vapor pressure 
studies: direct measurement of the vapor pressures of the individually pure 
isotopic compounds; measurement of the difference in vapor pressure of the 
two isotopic compounds by using a differential manometer containing one pure 
compound on each side; and asswnption of an ideal solution for the two 
isotopic compounds and determination of the solution and vapor compositions 
in equilibrium. Each of these methods coupled with temperature variation 
has been used to yield the isotope effect on the heat of vaporization. Of 
these, the second method is the most precise and accurate for giving differ-
ences in heats of vaporization. However, calorimetry, over all, can yield 
the most accurate heats of vaporization for the individual isotopic compounds. 
Calorimetric heats of vaporization have been published for two isotopic sys-
Two important facts are evident from these available isotope effects 
on the heat of vaporization. When a hydrogen atom located in a "hydrogen 
bonding position"5 is replaced by deuteriwn in a given compound, the heat of 
2 
vaporization is increased. On the other hand, when a hydrogen atom in a non-
hydrogen bonding position is replaced by deuterium in a given compound, the 
heat of vaporization is reduced. These facts imply that deuterium compounds 
are either more extensively or more strongly hydrogen bonded than the corres-
ponding hydrogen compounds. The term, hydrogen bond, as used here refers 
to a general type of interaction involving either hydrogen or deuteriwn, and 
will carry this connotation throughout the present work. 
6 Bigeleisen has given the necessary general formulation for the 
statistical mechanical treatment of isotope effects on condensed phases. Use 
of this treatment for the isotope effect on vapor pressure has been made. 7• 8 
Eyring's significant structure theory has been used to treat the isotope 
9 
effect on the vapor pressure. The significant structure theory has led to an 
3 
interpretation of the vapor pressure isotope effect in terms of essentially three 
physically significant variables; the energy of sublimation, the molecular mo-
ments of inertia, and the molecular masses. It was found that when isotopic 
differences in the sublimation energy were large, that this was the dominating 
factor in the isotopic vapor pressure differences, the vapor pressure being 
lower for the compound having the larger sublimation energy. The molecular 
moments of inertia and masses were found to be secondary effects; the heavier 
the compound, the larger the moments of inertia and therefore the larger the 
vapor pressure. 
B. Solutions Formed from Two Isotopic Compounds 
Heats of mixing of pairs of isotopic isomers have been investigated to 
some extent. The first system to be studied was that of n2 O/H2 0 at 25. 0 ° C. 10 
More recent studies of this system have been published. 11' 12 'nl.e results 
from these three studies agree within the limits of the combined experimental 
uncertainties. The data from the most thorough investigations have been 
treated11 in terms of the ideal associated solution concept. 13a This method 
treats the mixing of H2 0 and n2 0 as if the only heat effect is that of formation 
of the molecule HOD, with the resulting equilibrium constant, K: 
where X represents mole fraction. Several determinations of this equilibrium 
14 0 
constant have been made and the best value has been taken as K = 3. 8 at 25. 0 C. 
Skripov and Povyshev11 used this value of K with their mixing enthalpies to 
yield heats of formation of HOD, &H~00• There is a trend in their results 
which can be seen in Table I. 
Table I. Heats of Formation of HOD 
from Skripov and Povyshev 




To see if this trend indicates a departure from the ideal associated solution 
assumption, the ~~on's at roughly the above three compositions were more 
precisely determined in the present work. 
Other than the H2 O/D2 0 system there are six liquid systems of iso-
topic pairs in the literature which have been calorimetrically investigated. 
15 
'Ihese are H2/n2 , H2 /HD, HD/D2 , and Benzene/Benzene-d6 , Cyclohexane/ 
Cyclohexane-d12• 16 The heats of mixing for these systems are small, less 
than 3 cal /mole, but definitely non-ideal in the general sense 17 of the word. 
Besides the studies of solutions formed from isotopic isomers, there 
have been a few enthalpy of mixing studies for systems formed from H2 0 with 
4 
a hydrogen compound and separately n2 0 with the corresponding deuterium 
compound. Benjamin and Benson 18 determined the excess enthalpies of mixing 
0 for the systems H2 O/Methanol and n 2 O/Methanol-d1 at 25. 0 C. The results 
of this work were interpreted as being consistent with the concept of the 
strengthening of hydrogen bonding by deuterium substitution. '!he enthalpies 
of mixing and other thermodynamic properties for the systems H2 O/H2 0 2 
. 19 20 
and D2 O/D2 0 2 have been determmed. ' All of the available excess 
thermodynamic functions of mixing for these two systems have been collected 
and discussed qualitatively in terms of hydrogen bonding by Giguere, Knop, 
and Fa.lk. 20 These authors make the valid and idealistic point that meaning-
ful comparisons could be made at temperatures where the extent of hydrogen 
bonding is equivalent in the hydrogen and deuterium systems. 
C. Systems Formed from Individual Isotopic Isomers with Another Compound 
Most of the published work in this area has been for systems where the 
individual isotopic isomers can interact through a deuterium or hydrogen with 
another molecule to form a hydrogen bond. Rabinovich and Nikolaev21 studied 
the vapor pressures of the acetone-chloroform and acetone-chloroform-d 
systems as a function of both composition and temperature. From their data 
they calculated the excess thermodynamic mixing quantities at 25. 0°C and 
concluded that there was an increase in the degree of association through 
hydrogen bonding when hydrogen is replaced by deuterium. Morcom and 
Travers22 examined the heats of mixing as a function of temperature for 
5 
these same two systems. Although their isotope effect on the heat of mixing at 
0 21 
25.0 C was expectedly somewhat different from that of the Russian workers , 
they arrived at the same general conclusion concerning hydrogen bonding. 
The other works in this area have utilized spectrophotometric techniques 
and consequently have required the use of a supposedly non-interacting or inert 
solvent in which to contain the interacting molecules. Infrared spectroscopy 
6 
has long been used for determining association constants; however, the 
accuracy of this technique is uncertain. 23 The errors in spectrophotometric 
determinations of association constants have been investigated and improved 
24 data. treatments recommended. 
Singh and Rao25 have reported association constants from infrared 
spectroscopy for the isotopic isomers phenol/phenol-d1, with several bases 
in carbon tetrachloride solution. They determined equilibrium constants at 
three temperatures and estimated their uncerta.inties as ~ 1° C in temperature 
and i: 10% in equilibrium consta.nt. For all bases they calculated higher en-
thalpies of formation for the phenol--base complex than for the phenol-d1--base 
complex. However, if one considers.their stated uncertainties, deviations 
of i: 3 kcal/mole are not unreasonable in their enthalpy values. Also, in at 
least one case, phenol-pyridine, their equilibrium constant deviates by 20% 
. 26 from another pubhshed value. When these facts are considered, their 
reported enthalpy values must be considered highly unreliable; and within 
the_: 3 kcal/mole given above most of their isotope effects could be completely 
reversed. 
Plourde27 has also studied the association of phenol/phenol-d1 with 
several bases using infrared spectroscopy. Six temperatures were used in 
this study a.nd for each base the enthalpy of complex formation of the deuterium 
isomer was found to be greater than that of the hydrogen isomer. These 
results indicate that deuterium forms stronger hydrogen bonds than hydrogen 
and, due to the more complete temperature variation, must be considered 
more reliable than those of Singh and Rao. 
In addition to the isotope effects on intermolecular hydrogen bonds, 
Plourde27 investigated the enthalpies of formation of intramolecular hydro-
gen bonds. Several isotopic pairs (3-metho:xy-1-butanol/3-metho:xy-1-
butanol-d1, o-chlorophenol/ o-chlorophenol-d1, o-iodophenol/ o-iodophenol-d1, 
and o-phenylphenol/o-phenylphenol-d1) were studied in carbon tetrachloride 
solution. In each instance the enthalpy of formation was greatest for the 
deuterium isomer. 
Creswell and Allred28 , using fluorine nuclear magnetic resonance 
spectroscopy at ten temperatures, arrived at the thermodynamic functions 
for the equilibrium in cyclohexane solution between the isotopic pair, 
fluoroform/fluoroform-d and tetrahydrofuran. The enthalpies for hydrogen 
bond formation were found to be greater for fluoroform-d. 
D. Hydrogen-Deuterium Exchange 
Hydrogen-deuterium exchange reactions are always possible in isotope 
effect studies. The rate of these reactions is the important aspect in thermo-
chemical investigations. For the systems to be studied in the present work 
only a. few pertinent exchange rate studies are available in the literature. 
Deuterium-hydrogen exchange rates on hydroxyl groups have been 
. . f 29 29 1 30 h tud• •t mvestlgated or methanol , water and ethano . In t ese s 1es 1 was 
found that exchange was complete within the time of mixing. 
Jones31 studied the rate of base catalyzed abstraction of deuterium 
from acetone-d6 in aqueous media. His rate expression for water (pH = 7) 
at 25. 0°C gives a half-life of roughly 5, 000 days for this process. 
The rate of base catalyzed deuterium exbhange of chloroform-din 
7 
aqueous solution has been published. 32 Here, extrapolation to neutral water 
at 35°C yields a half-life of roughly 1, 000 days. 
Rates of exchange between chloroform-d and bromoform are also 
available in the literature. 33 It was found that the amount of uncatalyzed 
exchange was negligible in several days at 30 ° C; however, addition of amine 
bases induced a measurable exchange. 
E. Heats of Formation of Hydrogen Bonds 
Most of the reported thermochemical hydrogen-deuterium isotope 
effects, those discussed above and those from this study, are for systems 
which can form hydrogen bonds. Hence, the results of this study will be 
interpreted primarily in terms of hydrogen bond strengths. 
During the course of the present work an empirical relationship for 
the prediction of standard enthalpies of formation of hydrogen bonds, 
6.H0 (AH:B), in the solution state has been developed. 34 This relationship is 
given as equation (1), where g is an empirically determined constant and 
0 1/2 6.H (AH:B) =- gp. (AH:B) (1) 
p. (AH:B) is the reduced mass of the acid-base pair (~ p. (AH:B) == 
MAHMB/(MAH. + ~), where MAH is the molecular weight of the acid, AH, 
and MB is the molecular weight of the base, B. 
Initially, a value of g = 1133 cal/g112 was calculated by dividing a 
published value 5 for the heat of formation of the hydrogen bond, existing be-
tween two water molecules, by the water-water reduced mass. By using 
8 
this value of g with the pertinent reduced masses, it was found that equation (1) 
gave hydrogen bond strengths whose magnitudes were in general agreement 
with published values5 for hydrogen bonds involving hydroxyl groups. 
In order to further investigate equation (1), a search of the literature 
for hydrogen bond studies was made. Spectroscopic studies, as previously 
mentioned, were not considered to be reliable; however, two calorimetric 
methods were found. The entha.lpies of formation of hydrogen bonds from 
these two methods are considered to result from the standard processes (2) 
and (3). In these processes, the symbols AH, B, AH:B and I refer to the 
AH(I) + B(l) - AH:B(I) (2) 
AH(B) + B(B) - AH:B(B) (3) 
acid, base, hydrogen bonded complex and inert solvent, respectively. Paren-
theses indicate that the preceding species is extremely dilute in the indicated 
solvent. Drago 35 , Lamberts36, and Arnett (Method 1)26 have worked with 
process (2). Arnett's Method rf'6 leads to the heat of process (3). (Arnett's 
Method 1I is described in the Discussion section and Appendix.) Values of 
~H0(AH:B) from both processes (2) and (3) require the determination of heats 
of solution of either the acid or base in specified solvents. Arnett's Method II 
and process (3) above were deemed most equitable for the present study. 
From Arnett's results on the heats of formation of hydrogen bonds of 
phenol and p-fluorophenol with several bases26 , values of g were calculated 
from equation (1). These values of g were found to be the same, within 
experimental error of the ~H0(AH:B)'s, for both acids with a given base. 
This suggested that g is primarily base dependent. 
Further treatments34 suggested that g is slightly acid dependent, and 
9 
10 
should be written as g A + gB, where g A is an acid dependent constant and 
gB is a base dependent constant. However, from all indications g A is an 
order of magnitude less than gB and does not vary greatly from acid to acid. 
For the present study it is assumed that g~gB and that gB is the same for 
hydrogen-deuterium isomeric acids. 
Since phenol has been the acid most thoroughly studied in the litera-
ture, it was chosen as the acid to use for the determination of gB' s. The 
.D..H 0 (AH:B) values for phenol-base interactions were determined from heats 
of solution by Arnett's Method IT. The heats of solution of the isotopic pairs: 
chloroform/chloroform -d, methanol/methanol-d1, and ethanol/ ethanol-d1 
were measured in the present study. The gB values from the phenol work 
will be used to interpret these results in terms of the isotope effect on 
hydrogen bonding. 
F. Interactions Less Definitive than Hydrogen Bonds 
Any intermolecular interaction involving hydrogen might be termed a 
hydrogen bond. However, in the past most studies of hydrogen bonding have 
been restricted to interactions whose heats of formation fall on the range, 
2 to 10 kcal/mole. Most of these interactions have been verified by spectro-
scopic shifts. Two isotopic pairs, investigated in the present work, cannot 
definitely be said to interact through their protons or deuterons with bases by 
hydrogen bonding. These pairs are t-butyl chloride/t-butyl chloride-d6 and 
acetone/a.cetone-d6• 
Arnett37 has summarized his results for heats of solution oft-butyl 
chloride in ethanol-water mixtures. Important facts, demonstrated by his 
11 
experimental results, were that heats of solution reflect fluctuations in 
entha.lpies of solvation and that these entha.lpies of solvation are highly in-
fluential in kinetic processes. In order to ascertain whether or not entha.lpies 
of solvation oft-butyl chloride and t-butyl chloride-d6 differ significantly, 
and might thus be important in kinetic deuterium isotope effects38, the heats 
of solution of these two isotopic isomers were determined in several 
Et0H-H2 0 solutions in the present investigation. 
The heats of solution of acetone/a.cetone-d6 have also been investigated 
in this work. Solvents used in these experiments included acids which could 
hydrogen-bond to the oxygen atom of acetone, bases with unspecified inter-
actions, and relatively inert solvents having presumably weak interactions. 
G. Scope of the Present Investigations 
The experimenta.l investigations performed in this work have been 
given throughout the above text. For clarity they are listed together here: 
heats of solution of water and heavy water in each other as solvents and in the 
equimolar mixture as solvent; heats of solution of t-butyl chloride and t-butyl 
chloride-d in the ethanol-water solvent system; and heats of solution for 
6 
each member of hydrogen-deuterium isotopic paris (chloroform/chloroform-d, 
acetone/ acetone-d6, methanol/methanol-d1, ethanol/ ethanol-d1 , and water I 
heavy water) in a variety of solvents. 
II. EXPERIMENTAL 
A. Calorimetry 
The apparatus used in the major portion of this study was a solution 
calorimeter of the heat leak design. The construction and operation of this 
calorimeter have been previously described. 39, 40 
12 
A second calorimeter, differing from the first one only in the arrange-
ment of the internal parts, was used for a few experiments. This calorimeter 
had the heater and the thermistor pair mounted in U-shaped tubes of 5-mm 
glass about 35 em long suspended from the lid, and the stirrer was slightly 
offset from the center of the vessel. This arrangement allows the introduction 
of much larger samples (up to 30 ml) than does the other. As can be seen 
from Table II, the two units gave equivalent results in several comparative 
tests. The midpoint temperature in these experiments and for all of the re-
ported values in this work was 25. 0 .:!: 0. 1° C. 
Table II. Comparison of Calorimeters 
Solute Solvent Heat of Solution, cal/mole 





acetone-d6 pyridine -t58 +58 
methanol-d1 methanol +3 +2 
methanol carbon tetrachloride +4272 +4288 
Liquid samples were sealed in glass bulbs which were blown from 
7-mm tubing and fitted with a 3-mm sidearm. A smaller (1. 5-mm) sealed 
tube was placed in the sidearm prior to sealing with a torch, to facilitate 
sealing and to minimize vaporization and subsequent charring of the sample 
in the sidearm. Solid samples were placed in similar bulbs without the 
sidearm, and a tightly fitting length of Teflon tubing was forced over the 
neck of the bulb. The other end of the Teflon tubing was closed with a glass 
plug. The masses of the samples were determined by weighing the bulbs, 
before and after filling, on a Sartorius Model 2400 digital analytical balance. 
The balance was checked frequently over a six month period with a two gram 
mass and the uncertainty was found to be 0. 003% by weight. 
Heats of sample introduction were determined for each type of sample, 
solid or liquid, in most of the solvents used. For liquid samples, the bulbs 
were filled with pure solvent and broken in the pure solvent. Varying the 
degree of vapor space in the bulbs had no noticeable effect on the heat. For 
the solid samples, the bulbs were left empty and introduced into the pure 
solvent. The heat of sample introduction for liquids was +0. 02 _:!: 0. 02 cal. 
in all solvents except acetone which gave +0. 11 _:!: 0. 02 cal. Introduction of 
solid sample bulbs gave a value of -0.02 ~ 0. 02 cal. 
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Solvents were prepared for use in the calorimeter by pipetting 350 mi. , 
at once for pure solvents and in parts for mixed solvents, into a 500 mi. 
volumetric flask. Weights for the solvents were determined on an Ohaus 
triple beam balance to 0.1 gram. Usually four heat of solution determinations 
were performed for a given solute in one solvent lot. For isotopic pairs, 
individual lots from the same stock of solvent were used. 
With the above techniques, the precision of the final results was 
generally near 0. 4%, which approaches the theoretically possible precision 
on a single determination. Also, it was found necessary to discard less 
than 3% of the experiments for low heats due to leaking bulbs or premature 
mixing. A heat was discarded from a set if it deviated by more than six 
average deviations. 
The calculations of the heats of solution were performed by the usual 
method: multiplication of the temperature change due to solution by the heat 
capacity of the system. For the case of solid samples the resultant heat was 
then corrected for sample introduction and divided by the number of moles of 
solute to give the molar heat of solution. For the case of liquid solutes, the 
heat of solution of the liquid was the desired quantity. Since the sample in-
traduction technique inherently required some of the solute to be in the vapor 
state, appropriate corrections were necessary. The corrected heat of solu-
tion values were determined from the equation: 
where 
q = the heat of solution for the liquid solute 
q = the observed heat effect 
0 
qB =the heat effect due to bulb breaking 
~ H = the molar heat of vaporization of the solute 
vap 
n =the number of moles of solute in the vapor phase g 
The molar heat of solution is then given by .9., where n is the total number of 
n 
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moles of solute. By assuming ideality for the vapor, n is given by g 
where 
and 
VB ==the volume of the bulb, determined to .2: 0.1 ml 
V L == the volume of the liquid solute 
R == 1. 987 cal/mole °K 
0 P = the vapor pressure of the solute at 298 K 
- 0 V L ==the molar volume of solute at 298 K 
The term n ~H can be written as (VB - VL)(~H /(RT/P - V )) g vap vap L 
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where (VB - V L) varies for each experiment and the other factor is constant 
for a given solute. The effect of this term was kept small by using bulbs of 
minimal volume. Values of the second factor along with ~H , P and V 
vap L 
at 25. 0 ° C are given in Table ITI for liquid solutes. 
B. Chemical Grades 
Since chemical purity is of utmost importance in isotopic heat studies, 
it was deemed worthwhile to include the specific grades of chemicals used in 
each individual study. Most of the chemicals were the best commercially 
available and were used without further purification. However, some purity 
checks and purifications were performed; these will be given in the next 
section. The chemical grades are given in Tables IV - IX. Separate tables 
are given for each isotopic pair and also for the phenol study. In these tables 
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mole --v ml p L 
t-Butyl Chloride 109 41 272.0 42 6. 79 43 9. 95(10) - 2 
Chloroform 80.7 44 199.1 45 7.39 46 7. 92(10) - 2 
Water 18.069 47 23.76 48 10.52 3 1. 34(10) - 2 
Heavy Water 18.134 47 20.63 49 10.85 3 1. 20(10) - 2 
Acetone 74.04 44 240 50 7.34 50 9. 48(10) - 2 
Acetone-d6 73.96 51 235 50 7.51 50 9. 50(10) -
2 
Methanol 40.76 52 124.7 53 9.216 53 6. 18(10) - 2 
Methanol-d1 40.98 54 118.8 53 9.332 53 5. 96(10) -
2 
Ethanol 58.71 55 59.10 56 10.24 2 3. 25(10) - 2 
Ethanol-d1 58.90 55 56.02 56 10.32 2 3. 11(10) -
2 
Tetrahydrofuran 84 c 172 50 7.34 50 6. 79(10) - 2 
1, 4-Dioxane 87 c 40.1 57 8.54 57 1. 84(10) - 2 
a-calculated from densities 
b-calculated from P-T equations, except for the calorimetric values of water 
and heavy water 
c-from density determined in this work from weight of 1. 00 ml of a sealed 
sample 
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Table IV. Chemicals Used in Chloroform/ Chloroform-d Study 
Solute Solute Grade Solvent 
a 








H MCB Chromatoquality 
1, 4-Dioxa.ne 
D MCW 
H MCB Spectroqua.lity 
Pyridine 
D SIC 
H MCB Spectroqua.lity Reagent d 
Isopropanol /Methanol 
D MCW 
H MCB Chroma.toquality 
Isopropanol 
D MCW 
H MCB Spectroquality Reagent 
Methanol 
D MCW and SIC 
H MCB Chromatoquality Carbon tetra-
Reagent chloride 
D SIC 
D MCW Chloroform 
H MCB Chromatoqua.lity 
Cyclohexa.ne 
D MCW 
a-MCB represents Matheson, Coleman and Bell 
b-MCW represents Ma.llinckrodt Chemical Works 
c-SIC represents Stohler Isotope Chemicals 
Solvent Grade 
Fisher Certified 














d-the mole fraction of isopropanol in this mixed solvent was 0. 346 
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Table V. Chemicals Used in Acetone/ Acetone-d6 Study 
.- .... 
Solute Solute Grade Solvent · Sol vent Grade 
H MCB Spectroquality Conductivity a 
Water 
D SIC 
H MCB Spectroquality b Conductivity Water /Ethanol 
D SIC 
H MCB Spectroquality Conductivity 
Ethanol 
D SIC 
H MCB Spectroquality and 99 ~ MCB Spectroquality 
Pyridine 
D SIC 
D SIC Acetone Fisher S(!ectroana.lyzed 
H MCB Spectroanalyzed Fisher Certified 99 ~ 
1, 4-Dioxane 
D SIC 
H MCB Spectroquality MCW A.R. 
Chloroform 
D SIC 
H MCB Spectroquality Carbon tetrachloride Fisher Certified 
A. C. S. Reagents 
D SIC 
H MCB Spectroquality Fisher Certified 
Cyclohexane Spectrana.lyzed 
D SIC 
a-discussed in next section 
b-the mole fraction of water in this mixed solvent was 0. 8565 
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Table VI. Chemicals Used in Methanol/Methanol-d Study 1 
Solute Solute Grade Solvent Solvent Grade 
H MCB Spectroqua.lity MCB Spectroqua.lity 
Pyridine 
D SIC 
H MCB Spectroqua.lity Fisher Certified 99 
1, 4-Dioxane mole% 
D SIC 
H MCB Spectroqua.lity Fisher Certified 
Acetone Spectranalyzed 
D SIC 
H MCB Spectroquality Conductivity 
Water 
D SIC 
H MCB Spectroquality Carbon tetrachloride MCB Chroma.toqua.lity 
+ 99 mole% 
D SIC 
D SIC Methanol MCB SEectrogualit~ 
H MCB Spectroquality Fisher Certified 
Cyclohexane 
D SIC 
H MCB Spectroquality MCB Chromatoquality 
Tetrahydrofura.n + 99 mole% 
D SIC 
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Table VII. Chemicals Used in Ethanol/Etha.nol-d1 Study 
Solute Solute Grade Solvent Solvent Grade 
H Conductivity M<;f_B Spectroqua.lity 
a 
Pyridine 99 mole% 
D SIC, F 6 
H Conductivity Fisher Certified 
1, 4-Dioxane 99 mole% 
D SIC and SIC, F6 
H Conductivity MCB Chromatoqua.lity 
Acetone 
·n SIC, F 6 
H Conductivity Carbon tetrachloride MCB Chromatoquality 
+ 99 mole% 
D SIC, F 6 
H Conductivity MCB Chromatoqua.lity 
Tetrahydrofura.n 
D SIC, F 6 
H Conductivity Fisher Certified 
Cyclohexa.ne Spectranalyzed 
D SIC, F 6 
a.-F 6 indicates the sixth fraction from distillation given in the next section 
Table VIIT. Chemicals Used in Water/Heavy Water Study 
Solute Solute Grade Solvent 
H Singly dis tilled from all 
glass system Isopropanol 
D AECa. 






H Conductivity Heavy Water 
D SIC and AEC Water 
a-indica.tes Atomic Energy Commission 
b-indica.tes Stohler Isotope Chemicals 








Table IX. Chemicals Used in Phenol Study 
Solvent Solvent Purity 







Fisher Certified A. C. S. Reagents 
MCB Spectroquality 
Fisher Certified 
Fisher Certified Spectrana.lyzed 
Fisher Certified Spectra.na.lyzed 
+ MCB 99% 
The solvents used for anisole and toluene studies were from the same 
stock as the phenol studies. The toluene and anisole were Fisher Certified 
Reagent Grade chemicals. 
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D represents the deuterium isomer and H, the hydrogen isomer. 
C. Chemical Purity 
1. Preparation, Purification, and Purity 
a. Conductivity Ethanol 
Conductivity ethanol was prepared by the method of Murr and Shiner 58 
using the still of Professor J. 0. Stoffer at the University of Missouri - Rolla. 
The specific conductivity of the ethanol was less than 5x10 - 7 em - 1 ohm - 1 • 
b. Conductivity Water 
Conductivity water was prepared with a Barnstead conductivity still 
at the Materials Research Center of the University of Missouri - Rolla. The 
specific conductivity of the water was less than 6x10 - 7 em - 1 ohm - 1 • 
c. 2-Chloro-2-methyl-propane (t-Butyl chloride) 
This compound was prepared three times by the same synthetic scheme 
23 
as needed to prepare the deuterium isomer. First, t-butyl alcohol was pre-
pared by the usual Grignard reaction 59 with one modification. The reaction was 
performed in a dry nitrogen atmosphere, thus giving yields of 57-59%. The 
starting materials for the Gi'ignard reaction were: Fisher Scientific Company 
Mg for Grignard reactions and reagent methyl iodide, A. C. S. Reagent Grade 
acetone, and Mallinckrodt anhydrous diethyl ether. The t-butyl chloride was 
prepared from the alcohol as given by A. I. Vogel60 with yields of 70-80%. 
Purification of the t-butyl chloride was effected by vacuum transfer59 for two 
preparations and by distillation for the third. 
Purity verifications: 
0 0 60 
t-butyl alcohol: b.p. 80-81 C {lit. (82. 5 C) 
. 0 0 60 t-butyl chloride: b. p. 49.2-49.9 C (lit. 49-51 C) 
18 . 41 
nD = 1. 3870 (ht. 1. 3868) 
N. M. R. spectra* oft-butyl chloride showed only one type of proton, -CH3• 
V. P. G. C. showed no significantly detectable impurity. The I. R. spectra 
were identical with that for a sample of Eastman Organic Company's t-butyl 
chloride. *(All N. M. R. spectra referred to herein were obtained by Mr. 
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J. J. Ward on the Varian A56/60 Nuclear Magnetic Resonance Spectrophotometer.) 
d. 2-Chloro-1, 1, 1, 3, 3, 3-hexadeutero-2-methyl-propane (t-Butyl Chloride-d6) 
This compound was prepared three times by the same route as given 
above for t-butyl-chloride, the only difference being that hexadeutero-
acetone (a.cetone-d6) was used here. 
Acetone-d6 Sources and Purity: 
i) Professor J. 0. Stoffer 99.90 _: 0. 05% by N. M. R. * 
ii) Merck-Sharp and Dome 99.0 _: 0.1% by N. M. R. * 
iii) Stohler Isotope Chemicals 99. 5 +%** 
t-butyl chloride-d6: b.p. 48.2-48. 8°C 
~8 = 1. 3850 
N. M. R. spectra showed only one type of proton, -CH3. I. R. spectra 
contained a C-D band ( 4.43M) and a C-H band ( 3.33M)· V.P.G. C. showed 
no significantly detectable impurities. N. M. R. deuterium analysis: 
i) 100 2: 1% D of the 6 positions 
ii) 92 + 1 
*-the percentages given are atom per cent D of D+H for the six possible positions 
**-as given on label 
iii) 97 + 1 
e. Phenol 
Baker Analyzed Reagent grade phenol was twice fractionally crystall-
ized, ground with mortar and pestle, and stored in a Drierite (Anhydrous 
caso 4) desiccator. When being used, the phenol was always handled in a dry 
box having either a dry nitrogen or dry air atmosphere. 
f. Ethanol-d1 
Stohler Isotope Chemicals ethanol-d1 was noted by V. P. G. C. to con-
tain a significant amount (several per cent) of unidentified impurity. This 
impurity was completely removed by fractional distillation from CaO on a 
spinning band column. 
The sixth and seventh fractions, F 6 and F 7, were used in this work: 
0 b. p. 78. 2-78. 2 C, 740mm Hg. The isotopic purity, as labeled, was greater 
than 99% D. 
g. Anisole 
Fisher Scientific Company Anisole was fractionally distilled on a 
spinning band column. Little fluctuation in the distilling temperature was 
noted. 
h. n2o-H20 Standards 
Four n2o/H20 solutions, containing greater than 90% by mole n2o, 
were prepared by weight on analytical balance to the nearest 0.1 milligram. 
The n2o was 99.82% by mole as obtained from Indiana University. 'Ihe H20 
was conductivity grade prepared by Mr. Mike Oko. 
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i. Methanol-d1 
Stohler Isotope Chemicals methanol-d1 was used. The labeled iso-
topic purity was greater than 99% D. 
j. Chlorofnrm 
The MCB Spectroquality chloroform was noted by V. P. G. C. to con-
tain at most 0. 3% by volume carbon tetrachloride. The amount of this im-
purity was reduced by distillation on a spinning band column and the eighth 
fraction was used in some experiments. 
2. N. M. R. Analyses Using D20/H20 Standards 
Several N. M. R. scans of each n2o/H20 standard solution were run. 
These scans took the form of integrated peak areas, which are proportional 
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to the number of protons in the sample. The averaged integrated peak area for 
each standard solution was plotted versus the known mole per cent D2 0 to 
yield a. standard curve. 
a. Chloroform-d 
Two lots of chloroform-d were used: Stohler Isotope Chemicals (SIC) 
which was labeled greater than 99.8% D and Ma.llinckrodt Chemical Works 
(MCW) which was labeled greater than 99.8% D. N. M. R. scans of these two 
samples showed no hydrogen peaks at instrument settings which would detect 
less than 0.1% Din the D20/H20 standards. 
b. Heavy Water (D2 0) 
Two types of heavy water were used: Atomic Energy Commission (AEC) 
which was labeled greater than 99. 75% D and Stohler Isotope Chemicals (SIC) 
which was labeled greater than 99.8% D. N. M. R. scans were obtained on 
each of these samples. Comparison with the D20/H20 standard curve gave: 
(AEC) 99.8 ..:_ 0. 3 and (SIC) 99.9 ...:!:_ 0. 3% D. 
c. Acetone-d6 
The Stohler Isotope Chemicals acetone-d6, which was used, was 
labeled greater than 99. 5 atom % D. N. M. R. analysis using the n2 O/H2 0 
standard curve yielded a value of 99.9 ~ 0. 3%D. 
A special method was necessary in this study in order to use the 
n20/H26 standards. Starting with the equation 
V =V 
a w 
where V is the volume of acetone solution covered by the N. M. R. probe and 
a 
V is the volume of the water solution covered by the probe, the following 
w 
approximate equation can be derived: 
where 
X 0 = mole fraction of acetone in acetone-d6 sample C3H6 
~ 0 = mole fraction H2 0 in n2 0 sample 
2 
V = molar volume of acetone 
a 
V = molar volume of water. 
w 
With this equation, the n2 O/H2 0 standards could be used in an analysis of the 
acetone-d solution. X__ was obtained from the D2 O/H2 0 standard curve 6 -H2 0 
be treating the integrated area of the acetone-d6 sample as if it were a 
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solution of H20/n2o. '!he density for acetone at the N. M. R. probe temperature, 
34 ° C, was obtained from a published equation. 44 
3. Vapor Phase Gas Chromatograph (V. P. G. C.) Analyses 
Two Chromatographs were used in this work: a Varian Aerograph 
Model 90-P with thermal detection filament and a F and M Research Chroma-
tograph Model 810 with dual flame detector. 
a. Chloroform 
Two lots of chloroform were used: Matheson, Coleman and Bell (MCB) 
spectroquality reagent and Mallinckrodt Chemical Works (MCW) chromato-
quality, 99. 8%. The major impurity in these chemicals was found by retention 
time studies to be carbon tetrachloride. Comparison of their chromatograms 
with those of a prepared one volume per cent solution of carbon tetrachloride 
in chloroform showed that the MCB lot contained less than 0. 3% by volume 
carbon tetrachloride and the MCW lot contained less than 0. 07% by volume 
carbon tetrachloride. 
b. Chloroform-d 
The chromatograms of the previously mentioned lots of this chemical 
showed no carbon tetrachloride or other impurities at the same settings used 
for the regular chloroform analyses. 
c. Acetone 
The Matheson, Coleman and Bell (MCB) spectroquality acetone, used 
as solute in this work, was found by retention time studies to contain isopro-
panol as the major impurity. Comparison of the acetone chromatograms with 
those of a prepared one volume per cent solution of isopropanol in acetone 
showed that the MCB acetone contained less than 0.1 volume per cent isopro-
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panol. Matheson, Coleman and Bell Chromatoquality acetone, 99.8% by 
mole, was also used in this work and found to contain less than 0. 1% by 
volume isopropanol. 
d. A cetone-d6 
Chromatograms of the acetone-d6 used in this work showed no iso-
propanol or other impurities at the same instrument settings used for the 
regular acetone studies. 
e. Solute Alcohols 
The methanol, methanol-d1 and ethanol gave chromatograms showing 
no impurities. If water was present, it was less than o. 5%. 
4. Effect of Impurities on Heats of Solution 
a.. Chloroform as Solute 
The three lots of chloroforms used in this work (MCB spectroquality, 
distilled MCB spectroqua.lity and MCB chromatoquality) were subjected to 
comparative heat studies in the solvents dioxane and isopropanol. The heats 
of solution agreed within 0. 3% in dioxane and 0. 2% in isopropanol. 
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The heat of solution of a one volume per cent solution of carbon 
tetrachloride in chloroform in the solvent dioxane was determined as -1180 
cal/mole. From studies of chloroform with no added carbon tetrachloride a 
value of -1183 was obtained. The effect of the 0. 3% by volume carbon tetra-
chloride originally present in the chloroform is therefore considered negligible. 
b. Chloroform-d as Solute 
For comparison, the heats of solution of the two stocks of chloroform-d 
(MCW and SIC) were determined in the solvent methanol. These two stocks 
gave results agreeing to better than 0. 5%. 
c. Acetone as Solute 
Heats of solution for the two lots (MCB spectroquality and MCB 99% 
by mole) of acetone were determined in the solvent pyridine. The results 
agreed to within 0. 2%. 
The heat of solution of a one volume per cent solution of isopropanol 
in acetone in the solvent dioxane was determined as +244 calories/mole. 
From studies of acetone with no added isopropanol a value of +240 calories/ 
mole was obtained. The effect of the isopropanol impurity, 0.1% by volume, 
is therefore considered negligible. 
d. Ethanol-d1 as Solute 
As mentioned previously, ethanol-d1 was purified by distillation. 
Heats of solution of this solute were determined in 1, 4-dioxane and acetone 
before and after distillation. The before and after studies for both solvents 
differed by less than 0. 5%, even though the impurity in the original ethanol-d1 
amounted to several per cent. 
e. Acetone as Solvent 
The heat of solution of ethanol-d1 was determined in the solvent: 
3. 864 moles acetone plus 0. 03 moles water; as +1, 380 cal/mole. The value 
in acetone without added water was + 1, 335 cal/ mole. 'Ule differences in 
these two values is roughly 4%, and shows that water cannot be ignored when 
dealing with d1-alcohols. And, due to the significant amounts of water, as 




All of the heats of solution given in this section were determined at 
0 25. 0 _:!: 0. 1 C and were calculated with the IUPAC 1961 atomic weights based 
12 
on C = 12. The calculations were performed on a Monroe desk calculator, 
a Wang computer and an ffiM 360 computer. 
A. Heats of Solution for t-Butyl Chloride and t-Butyl Chloride-d6 in the 
Ethanol-Water Solvent System 
This study is given separately from the other isotopic isomers due to 
some characteristic differences in calculation methods. In most of the work 
one solvent lot was used in four heat determinations; however, in this study 
fresh solvent was used for each determination and the results averaged. The 
final values are given in Table X. The entries for the first two solvents are 
taken as true heats of solution; but the entries for the solvent with volume 
fraction ethanol, V = 0. 350 are not true heats of solution. 
e 
In heat of solution determinations where the solute does not significant-
ly undergo chemical reaction, and dissolves rapidly, less than 0. 5 min, 
temperature versus time plots are obtained as linear relations immediately 
before and after sample introduction. Plots of this type were obtained for 
the first two solvents in Table X. In determinations such as these, there is 
little ambiguity in calculation of .~ T SOL~ the temperature change due to 
solution. Here, .6. TSOLN is given by the vertical distance between the two 
straight lines, immediately before and after sample introduction, taken at an 
appropriate time after introduction. The time of extrapolation is generally 
near 0. 5 min after sample introduction, and is not important if the lines are 
Table X. Heats of Solution: t-Butyl chloride/t-Butyl chloride-d6 
in Ethanol-Water Solutions 
aHSOLN =a. 
s 
..:!:: a, cal/ mole 
Solvent Volume Isomer (Maximum a a s s Lit. c Fraction Ethanol Molality) x 103 s (a.D- aH) a. a. s 
ve 
D 75 310 5 
1.000 -22 
H 75 332 8 361 
D 17 2270 50 
0.600 -110 
H 17 2380 80 2410 




H 9 4410 
a.-these are averaged values with no account taken for any composition 
dependence 
b-the temperature change used in computing this value was taken from the 
minimum in the temperature versus time plot; therefore, this value does 
not represent the heat of solution alone 
c-from Arnett61 
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nearly parallel. However, if the solute reacts significantly, as in the case 
for V e = 0. 350, a calculation of ATSOLN is ambiguous and a plot such as 
Figure 1 is obtained. 
In this plot the line before sample introduction is linear and may be 
described by the equation: 
T =a + bt (4) 
where T is the temperature, tis time, and a. and b are constants. The line 
after sample introduction is not linear and is far from parallel to the pre-
ceding line. The three processes occurring here and contributing to the 
shape of the plot are most probably: 
t-BuCI(1) - t-BuC\s)' AHSOLN 
t-BuCl + EtOH - t-BuOEt + H + + cC , AH . (s) (s) (s) (s) (s) reaction 
where (s) means in solution in a. given solvent and (1) means pure liquid. 
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Process (7) is probably insignificant considering the published rate of 
ethanolysis of t-butyl chloride. 
It was suggested that the line following sample introduction could be 





T = a + bt + c exp (-kt) (8) 
where T =temperature, t =time, and k =the first order reaction rate con-
sta.nt for process (6) above, and a., b, and c are constants. The last term 
takes into account the heat of reaction for process (6) and the amount of 
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Figure 1. AHSOLN fort-Butyl Chloride in V e = 0. 350 
t-butyl chloride reacted. In theory, equation (8) could be used to find by 
extrapolation the final temperature in ~ T and thus effectively separate SOLN 
the temperature change due to solution and that due to reaction. A treatment 
similar to this has been used successfully by Sturtevant 63 . However, Sturte-
vant' s calorimeter being of a near adiabatic design was better suited for this 
treatment than the ones used in the present work. 
Attempts were made to treat the data from the experiments in 
0 V = 0. 350 at 25 C. These attempts consisted of using equation (4) for the 
e 
temperature-time relation before sample introduction and equation (8) for 
the temperature-time relation after sample introduction. The k' s used in 
equation (S)were those of Winstein 62 for t-butyl chloride, and calculated 
using Shiner's ~/kD for t-butyl chloride-d6 64 . Extrapolation times after 
sample introduction were taken from 0.1 min to 5 min in 0. 1 min intervals. 
This method gave 50 .6.TSOLN values for each experiment. Each .6.TSOLN 
was used to calculate a ~HSOLN" However, for the fifteen experiments 
analyzed no correlation was found between sample size, extrapolation time, 
and the corresponding .6.HSOLN" 
The heats of solution for V = 0. 350 in Table X were computed by 
e 
taking ~ T at the minima of plots like Figure 1. This method gives 
SOLN 
results in general agreement with Arnett61 as shown in Table X. However, 
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it is inconceivable that these values are correct considering that for V = 0. 350 
e 
the half-life for process (6) is 4. 17 min 62 . The heats of solution in the first 
two solvents are free from reaction difficulties since published half-lives 
are 1. 4 x 105 min and 94 min respectively for t-butyl chloride in these solvent~. 
For the deuterium isomers, there was one calculation which was not 
previously mentioned. Since these compounds were not 100% deuterated, 
the following equation was used to correct for this fact: 
D 1 H 
.6. HSOLN == n (qSOLN- ¥HsOLN ), 
D 
where D indicates the deuterium isomer, H the hydrogen isomer, and n the 
number of moles. 
B. Heats of Solution of Isotopic Isomers at Infinite Dilution 
1. Systems utilizing the equation: A:HSOLN == as + bm 
In most of the studies the heat of solution at infinite dilution, s a , was 
the desired result. Since the heats of solution, .6. HSOLN' are usually concen-
tration dependent, the as, s were determined by a suitable extrapolation 
technique. The general procedure in determining as was to fit by the least 
squares method the individual heats of solution, .6. HSOLN to the equation: 
and 
s -
.6-H ==a + bm ~ .6.; where 
m == average molality of solute 
==.!.. (initial molality + final molality) in moles of solute/ 
2 
kilogram of solvent 
1 
== 2 (mi + mf) 
b ==the slope in (cal/mole)/(mole/Kg) 
};(.6-H I - .6-H b ) 
f f . ca. c o s 
.6. == the average uncertainty o the 1t == N b f d t · t urn er o a a po1n s 
where .6-H is calculated from the least squared equation and .6-H b is an 
calc o s 
experimental quantity. 
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Only in a. few instances were there sta.tistica.lly reliable deviations from this 
linear equation. These instances will be discussed when encountered. 
The bulk of the results are presented in tabulations of as, b, and 
(a~ - a~), the isotope effect on the heat of solution. 
The results for these systems are tabulated in Tables XI-XV. Along 
with the quantities previously discussed, the number of data. points and the 
maximum solute molality in a. given solvent lot are included in these tables. 
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In a. few instances little concentration dependence was noted for the aHSOLN's; 
and, for these cases the values were merely averaged. For the deuterated 
alcohols in pyridine the first data point in each case was omitted due to devia-
tion in the endothermic direction from the aHSOLN versus m equation of the 
remaining points by more than ten average deviations. These deviations are 
presumed to be due to hydrogen-deuterium exchange of the solutes with trace 
water in the solvent. Such deviations were so great in the case of acetone as 
the solvent for alcohols that the data were considered to be unworthy of mean-
ingful interpretation and are not given. 
2. Heats of Solution for Alcohols in Carbon Tetrachloride and Cyclohexane 
For the alcohols as solutes with cyclohexane and carbon tetrachloride 
as solvents, definite curvature was noted in plots of heat of solution versus 
average molality. Since the desired result, the heat of solution at infinite 
dilution must be obtained by extrapolation to zero molality, a function was 
sought which would linearize the data, and give minimal and random deviations. 
Three equations of the form, aHSOLN =as + b~k. with k = 1, 3/2 and 2 
were investigated. It was found that the value of k for a given system made 
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Table XI. Heats of Solution: Chloroform/ Chloroform -d 
~HSOLN =a. s + bm .:!: A, ca.I/mole 
Solvent Isomer Data. (Maximum s b s s pts. Molality) x 103 a. ~ (a.D- aH) 
Acetone D 4 173 -1236 69 2 
H 4 173 -1202 18 1 -34 
Tetra.hydrofuran D 4 91 -2048 -50 6 
H 4 126 -2015-216 6 -33 
1, 4-Dioxane D 5 81 -1200 -75 3 
H 6 159 -1182 -59 3 -18 
Pyridine D 4 113 -1335 119 2 
H 4 120 -1317 -47 1 -18 
MeOH/i-PrOH D 4 192 -1300 224 2 
Xi = 0. 346 Ha. 3 138 -1286 220 1 -14 
Isopropanol D 4 213 -856 554 2 
H 4 89 -843 535 2 -13 
Methanol D 6 186 -1155 102 5 
Ha. 3 123 -1145 189 0 -10 
Carbon tetrachloride D 4 361 224 -52 1 
H 4 370 224 -48 1 0 
Chloroform D 1 312 1 1 
H 0 0 1 
Cyclohexa.ne D 4 328 668-100 1 
H 5 315 662-108 2 6 
a-determined by E. L. Taylor 40 
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Table XII. Heats of Solution: Acetone/ Acetone-d6 
s -~HSOLN ==a + bm..:!:, ~. cal/mole 
Solvent Isomer Data (Maximum 3 s b ~ s s pts. Molality) x 10 a (aD -aH) 
D 4a 66 -2404 -59 3 
Water -22 
H 4a 77 -2382 -100 3 
EtOH/H2 0 D 4 595 232 -78 1 
-19 
X = o. 856 H 5 660 251 -49 4 
D 5a 182 1183 -154 3 
Ethanol -9 
H 4 151 1192 -208 1 
D 4 457 63.4 -16 1 
Pyridine -2 
H 4 408 65.0 19 1 
D 1 274 4 1 
Acetone 4 
H 0 0 
D 4 612 257 -88 1 
1, 4-Dioxane 13 
H 4 486 244 -93 1 
D 2 24 -1985 0 0 
Chloroform 61 
H 2 24 -2046 0 1 
D 4 136 803 -931 4 
Carbon tetrachloride 96 
H 4 141 707 -926 1 
D 4 161 2569 1124 4 
Cyclohexane 172 
H 4 295 2397 542 3 
a.-one run omitted due to premature mixing 
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Table XIII. Heats of Solution: Methanol/Methanol-d1 
6.HSOLN =a 
s 
+ b;; ~ 6., cal/mole 
Solvent Isomer Data (Maximum 3 s b a s s pts. Molality) x 10 a (a.D- a'H) 
D 4 1130 3 0 1 
Methanol 3 
H 0 0 
D 4 95 845 -460 3 
Tetrahydrofuran 34 
H 4 95 811 -702 6 
D 4a 339 .,..372 -82 0 
Pyridine 36 
H 4 346 --408 -42 3 
D 4 163 1310 -566 3 
1, 4-Dioxane 52 
H 4 163 1258 -413 5 
D 4 93 -1635 -27 12 
Water 111 
H 4 84 -1746 -75 10 
a-the first data. point was omitted from the fit due to trace water in the solvent 
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Table XIV. Heats of Solution: Ethanol/Ethanol-d1 
aHSOLN =a 
s 
+ biii. ~ L\, cal/ mole 
Solvent Isomer Data (Maximum 3 s b L\ s s pts. Molality) x 10 a. (aD- a.H) 
D 1 208 -1 2 
Ethanol -1 
H 0 0 
D 6a 293 16 -101 1 
Pyridine 18 
H 5 268 2 -82 1 
D 4 68 1057 -296 6 
Tetra.hydrofuran 27 
H 4 68 1030 31 9 
D 6 112 1687 -815 4 
1, 4-Dioxa.ne 42 
H 4 112 1645 -934 5 
a.-the first point was omitted from the fit due to trace water in the solvent 
Table XV. Heats of Solution: Water/Heavy Water 
.O.HSOLN = a. 
s 
+ bm _i .0., cal/ mole 
Solvent Isomer Data. (Maximum 3 pts. Molality) x 10 
D 5 373 
Methanol 
Ha. 6 373 
D 3 315 
Is opropa.nol 
H 2 124 
D 7b 150 
1, 4-Dioxane 
H 6c 225 
a-determined by E. L. Taylor40 
b-one point was omitted due to premature mixing 



























no significant difference in the calculated isotope effects, (as -as )'s; 
D H 
i.e., all of the mean values for that system were within 10% of each other, 
while the mean deviations were greater than 10%. The function;;" in general 
produced curves which were concave downward; and, the function n;:-2 gave 
curves which were concave upward. However, the function ;; 312 yielded 
the best fits to the data. with minimum or no curvature. The results obtained 
b . - 312 . . T hl XVI y us1ng m are g~ven m a. e . 
In this work cyclohexane was also used as a solvent for methanol/ 
metha.nol-d1 ; however, the data were not treated due to unexplained scatter. 
Only qualitative observations can be made from these results. The heats of 
solution a.t infinite dilution for methanol and methanol-d1 appeared from a 
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plot of AHSOLN versus;; to be near 6 kcal/mole. The values for methanol-d1 
were in general between 100 and 200 ca.l/mole more endothermic than the values 
for methanol. 
C. Heats of Formation of HOD in Mixtures of Water and Heavy Water 
In this study heats of solution of water and heavy water were determined 
in each other as the solvent and also in the equimolar mixture of the two as the 
solvent. The results were treated in terms of the ideal associated solution 
concept, as done in a previous study 11. In this method the entire heat effect 
is presumed to be due to formation of the molecule HOD with the resultant 
equilibrium process: 
H2 0 (s) + D2 0 (s) = 2HOD (s) (9) 
where the subscript (s) refers to the solution state. The equilibrium constant 
for process (9) is given a.s equation (10), 
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Table XVI. Heats of Solution: 
Alcohols in Carbon Tetrachloride and Cyclohexane 
3 
s -2 
..6.HSOLN = a + bm ! .6., ca.l/mole 
Solvent Solute Data (Maximum 3 s bx10-3 ..6. s s a (aD- aH) pts. Molality) x 10 
Carbon Methanol-d1 4 58 4510 -71.48 
16 
tetrachloride 207 Methanol 4 73 430-3 -57.45 14 
Carbon Ethanol-d1 4 
42 4485 -91.04 15 
177 
tetrachloride Ethanol 4 42 4308 -68.70 19 
Ethanol-d1 4 73 5887 -87.35 25 
Cyclohexane 172 




0 1 0 1 (10) (n H 0 - 2 n )( n D - - n ) 
2 HOD 2° 2 HOD 
where X represents mole fraction, n number moles and the superscript, o, 
14 
the number of moles before mixing. A value of K = 3. 8 was used in treat-
ing the results. 
The general composition problem was to determine the change in the 
number of moles of HOD, D. ~OD' during a heat of solution experiment. The 
observed heat was corrected for sample introduction giving the heat of solu-
tion in calories, qSOLN" The value for the heat of formation of HOD was 
then calculated from equation (11). 
f qSOLN 
D.HHOD = D..nHOD 
The raw composition data were taken as weights of solutes, weights 
of solvents and weights of solutions. By knowing the initial compositions of 
(11) 
the solutes and solvents, the weights could be converted to moles of individual 
components, H20, HOD, and n2o by using equation (10). This conversion 
was performed on the mM 360 computer. The input data to the computer for 
each liquid consisted of: the apparent weight of n2 0 considering no HOD; the 
apparent weight of H20 considering no HOD; the equilibrium constant, 3. 8; 
the weight fraction hydrogen of deuterium and hydrogen in the starting stock 
of normal water, 0. 99978, calculated from the mole fraction given by Rossini3 ; 
the weight fraction deuterium of deuterium and hydrogen in the starting stock 
of heavy water, 0. 9975 or 0. 99820, calculated from mole fractions given by 
the sources (Atomic Energy Commission and Stohler Isotope Chemicals, 
respectively); and the experiment number. The apparent weights of D 0 
2 
and H2 0 for each liquid were computed on the Monroe desk calculator and 
checked twice. This calculation was the most time consuming since a 
successive dilution method was used. The heats of solution of five samples 
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of H2 0 were determined in one lot of stock D2 0. The resultant solution was 
diluted with stock H2 0 to the equimolar mixture and then alternately nine 
heats of solution of H2 0 or D2 0 were determined in this mixture. Hea.ts of 
solutions of n2o in the solvent H2 0 were determined several times by addition 
of successive samples to a lot of solvent. In all of the above experiments 
exact weights of every liquid, before and after each experiment, were 
recorded. 
The computer output for each liquid consisted of: the number of moles 
and mole fraction in the equilibrium mixture for the molecules H2 0, n2 0 and 
HOD; amll, the experiment number. From these results ~OD was calculated 
for ea.ch experiment from the equation: 
~OD = (the number of moles of HOD in the resultant solution) 
- (the number of moles of HOD in the solute) 
- (the number of moles of HOD in the solvent). 
Finally, equation (11) was used to give the values for AH~oD· The averaged 
values of ~Hf for the three solvent ranges studied are given in Table XVTI 
HOD 
along with the number of experiments; the average uncertainty,~; and the 
process considered. 
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Table XVII. Heats of Formation of HOD 
in Mixtures of Water and Heavy Water: 
Ail A cal 
HOD 2: ' mole 
Data pts. f AHHOD A Process n 
11 7.90 0.04 D20 + nH2o.-.. D20 • nH20 >10 
5 7.90 0.04 H20 + nD20- H20· nD20 >10 
9 7.87 
n2 o _ D20 _ >32 0.07 orH 0 +n(XH 0 -0.5)-olJr 0 • n(~ 0 -0.5) 
2 2 2 2 
D. Heats of Solution for Hydrogen Bonding Study 
For the hydrogen bonding study (see Appendix) the heats of solution 
of phenol, anisole and toluene were determined and are given in Tables XVID 
and XIX. Some comparison values from Arnett65 are also listed in these 
tables. Although variation of the heats of solution with solvent composition 
is important in hydrogen bonding studies, the method used in treating the 
results does not merit great precision. Some of the heats for the present 
study were treated by the linear equation, relating aHSOLN and m. Others 
were determined from equation (12). 
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(12) 
where xf is the final mole fraction of the solvent; q the corrected heat, and 
s 
n the number of moles of solute giving q. This equation was prompted from 
the limiting form of an equation 66 often used in describing excess mixing 
functions. Use of equation (12) gave reasonably constant values for aHSOLN 
as m varied. 
E. Heats of Vaporization 
During the course of this work some vapor pressure temperature studies 
were performed50 using the isoteniscope method67. The Clausius-Clapeyron 
equation was used with the data from these studies to compute heats of vapor-
ization. The results from these studies are given in Table XX. The vapor 
pressure-temperature relation is given in equation form as 
b 
In p =a+ T ~ a 
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Table XVIII. Heats of Solution: Phenol 
.6.HSO LN = a 
s +bm_:!:~ cal/ mole 
Solvent Data (Maximum 3 s bx 10-2 .6. Lit. c a s pts. Molality) x 10 a. 
Cyclohexa.ne 4 34 7626 -140.5 10 
Carbon tetrachloride 4a 18 6176b 14 6270 
n-Heptane 6a. 36 7563 -85.18 70 
Pyridine 4 109 -1390 -1.61 1 -1410 
1, 4-Dioxane 2 113 803b 1 850 
Acetone 2 158 578b 0 
Tetrahydrofuran 3 171 -265 -4.25 3 -360 
a-one point omitted for being low by at least ten average deviations 
b-ca.lculated from the equation (12) 
c-from Arnett65 
Table XIX. Heats of Solution: Anisole, A, and Toluene, 
.6-HSOLN =a 
s 






















a-calculated from the equation (12) 
b-determined6"?f G. L. Bertrand 
c-from.Arnett 
.2: .6., cal/mole 
(Maximum s 
Molality) x 103 a 
168 1589 5 
340 649 1 
122 371 3 
369 -32 1 
132 1328b 5 
222 476b 3 
535 81 0 
1090 127 0 
139 19 2 
248 157 2 
348 36b 3 
187 223b 4 
201 -373 2 











Table XX. Vapor Pressure - Temperature Study 
In p = a + b/T.:!: A, pin mm, Tin °K 
Compound a -b Axl03 Temp Data AH kcal 0 
va.p' mole Range, C pts. 
Acetone-d6 
a 18.123 3772.1 3 18-54 22 7. 50 
18.267 3820.4 3 17-51 20 7.59 
18.015 3741.2 2 40-54 23 7.43 
Acetoneb 17.879 3696.2 4 18-54 30 7.34 
(Same data 17.945 3721.8 13 34-50 15 7.40 
treated 
differently) 18.135 3783.0 6 29-47 12 7.52 
17.698 3642.7 4 38-54 16 7.24 
18.019 3744.7 5 31-55 29 7.44 
b Tetrahydrofuran 17.472 3672.7 2 52-63 27 7.30 
17.583 3709.2 2 56-64 27 7. 37 
a-Stohler Isotope Chemicals 99. 5 + D% 
b-Matheson, Coleman and Bell, 99+ mole% pure 
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where .6. is the average uncertainty in the least squares fit, p is vapor pres-
sure in millimeters of mercury at 0°C and Tis the absolute temperature. 
The individual heats of vaporization and mean deviations for acetone 
were combined by using statistical weights of [(temperature ra.nge)(number 
2 1/2 
of data points)/.6. ] • This treatment was also done for acetone-d6• The 
resultant heats of vaporization and uncertainties were: for acetone, 7. 36 
~ 0. 07 kcal/mole (lit. 57 , 7.32 kcal/mole a.t 40°C); and for acetone-d6, 
7. 51 ~ 0. 06 kcal/mole. 
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IV. DISCUSSION OF RESULTS 
The heats of solution at infinite dilution are the results of primary 
interest in this work. At infinite dilution the mixing of solute and solvent is 
considered to involve only the breaking of solute-solute and solvent-solvent 
interactions and the formation of solute-solvent interactions. If the enthalpy 
changes for these three events may be separated, meaningful insight into the 
strength of intermolecular interactions may be gained. Some of the results 
lend themselves only to qualitative discussions, since for these the inter-
actions can not be clearly specified. However, the results for systems which 
involve hydrogen bonding as a dominant interaction may be discussed on a semi-
quantitative basis. 
A. Qualitative Observations 
The heats of solution at infinite dilution for isotopic isomers may be in,;;. 
terpreted by using four experimental processes. These processes are given 
in Table XXI along with their enthalpy changes and symbolic energy changes in 
terms of the three intermolecular interactions mentioned above. Here, AH and 
AD represent the isotopic isomers as solutes; B represents a solvent which 
can interact strongly with the solutes; I represents a. relatively non-interacting 
or inert solvent; and species such as AHooB may include several different 
species of AH such as monomers or acid-base complexes. Symbols such as 
aB represent the heat of solution at infinite dilution of the solute, (subscript, 
H 
H = AH), in the solvent, (superscript). 
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Table XXI. Experimental Processes 
AH +ClOB _. AH·ClOB (13) 
B 
AH13 = aH 
A£13 = £(AH:B)- £(B:B)H- E'(AH:AH) 
AD + ClOB _. AD·oo B (14) 
B 
AH14 =aD 
AE' 14 = E' (AD :B) - E(:J3.:B )D - E' (AD :AD) 
AH + ClOI _. AH•ooi (15) 
I 
AH15 = aH 
AE' 15 = £ (AH:I) - ((I:I)H - £ (AH:AH) 
AD +ooi_. AD·ooi (16) 
I 
AH16 =aD 
A£ = E' (AD:I) - ((I:I)D -£ (AD:AD) 
16 
((X :Y) denotes the energy of an intermolecular interaction between 
molecules X and Y. The sign of € is negative by the normal convention. A 
subscript D or H on£ (X:Y) refers to that interaction due to the deuterium or 
hydrogen isomer. 
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The processes (13 )-(16) and accompanying equations in Table XXI have 
been combined for interpretation. These combinations are given as processes 
(17)-(19) in Table xxn. 
The enthalpy change for process (17) is the isotope effect on the heat 
of solution in an interacting solvent, B. For the six interactions contributing 
to the energy change of process (17), several circumstances may exist. If the 
energies of interaction, E'(AD:B) and E'(AH:B) are dominant and the pure solutes 
and solvent are relatively rmassociated (i.e., E' (AD:AD), £(AH:AH) and E'(B:B) 
are small compared to E'(AD:B) and £(AH:B)), then the energy change for 
process (17) would approximate the difference in energy of interaction for AH 
and AD with B. However, solutes and/or solvents may be significantly 
associated; in these cases the terms, E'(AD:AD), E'(AH:AH) or E'(B:B), would be 
important. If the interacting solvent is highly self-associated and associates 
to different degrees with AH and AD, then the terms E"(B:B)H and E:(B:B)D would 
contribute significantly to the energy change, A£17. Similarly, if the solutes 
vary in their degree of self-association, then the terms £(AD:AD) and E'(AH:AH) 
would contribute to A£17• 
The enthalpy change for process (18) is the isotope effect on the heat 
of solution in a relatively non-interacting or inert solvent, I. An inert 
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Table XXII. Combination of Experimental Processes 
AD + AH•ooB-+ AD•coB + AH (17) 
B B 
AH17 =,6H14 - 6H13 =(aD- aH) 
.6£17 = €(AD: B) - E"(B:B)D - E'(AD:AD) 
- E'(AH:B) + ((B:B)H + E'(AH:AH) 
AD + AH·ex>I-+ AD·coi + AH (18) 
I I 
AH18 =.6H16-AH15 =(aD- aH) 
.6£18 = E'(AD:I) - E"(I:I)D - E:(AD:AD) 
- E'(AH:I) + E"(I:I)H + E:(AH:AH) 
AD·coi + AH•ooB-+ AD·ooB + AH·coi (19) 
B B I I 
AH19 = .6 H17 - ,AH18 = (~ - aH) - (aD - aH) 
AE' = E'(AD:B) - E'(B:B) - E'(AD:I) + E:(I:I)D 19 D 
- E'(AH:B) + E:(B:B)H + E'(AH:I) - E:(I:I)H 
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solvent is considered to be non-associating; hence, the energy change for this 
process should approximate the difference in solute-solute interactions for the 
pure isotopic isomers, AD and AH. 
Combining process (17) and (18) can remove several unknowns regarding 
solute-solute and solvent-solvent interactions. Process (19) is given as the 
difference of processes (17) and (18) and its enthalpy or energy change may be 
taken as an estimate of the isotope effect on solute-solvent interactions for the 
isotopic pair with the solvent, B. This conclusion may be reached by con-
sidering the energy equation following process (19). If solvent I is truly inert, 
then the energy terms (E'(I:I)D - E'(I:I)H) and (t'(AH:I) - t'(AD:I)) should individually 
cancel or be negligibly small. Similarly, if the solvent B is not highly self-
associating or associates to nearly equivalent degrees with AH and AD, then 
the term (t'(B:B)H - c(B:B)D) should be small. With these circumstances, 
which are believed to be prevalent for several of the systems studied, the 
energy change for process (19) becomes At]_ 9 ~ ti:(AD:B) - t'(AH:B). Also, for 
process (19) the enthalpy and energy changes should be very nearly equal, 
since the isotope effect on excess volumes in solvents B and I should be small 
and similar. With this in mind the enthalpy change for process (19) becomes 
equation (20 ). 
B B I I ~H = A.H = (a - a ) - (a - aH) ~ t'(AD:B) - £(AH:B) 19 i D H D 
For future use equation (20) is called the isotope effect on solute-solvent 
interaction and given the symbol ~H .• 
1 
(20) 
The results for each system studied are presented in two forms in 
Table XXIII and discussed individually below. The column labeled (a~ -a~) 
presents the isotope effects on the heats of solution at infinite dilution in 
solvents, S. The column labeled A H. presents the isotope effects on solute-
1 
solvent interactions. 
For the calculation of A. H. either cyclohexane or carbon tetrachloride 
1 
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has been used as the inert solvent. In the past, these solvents have often been 
considered as inert. Of the two, cyclohexane must be considered the more 
nearly inert for several reasons. Heats of transfer for many solutes from 
cyclohexane to carbon tetrachloride are exothermic ~·, see Table XXIV). 
Also, carbon tetrachloride is known to form complexes with some solutes. 13b 
Estimated uncertainties in precision for (a~ - a~) are given in the 
column labeled A in Table XXIII. The uncertainty for most of the values is in 
the final digit. The entries under (~ - a~) and AHi are given in increasing 
order. Due to the size of the uncertainties, a quantitative discussion of fine 
trends is not possible (i.e., the uncertainties in' adjacent entries often overlap). 
However, the indicated order of AH. entries is not affected by uncertainties in 
1 
(a~-~) for I= cyclohexane or even a change of the inert solvent, since 
I I S S . (a - a ) is combined with all of the values (aD -a..._) to obtam AH .. D H H 1 
1. t-Butyl Chloride/t-Butyl Chloride-d6 
s s For this study it was desired to see if the isotope effect, (aD - aH), 
changed with solvent composition in the solvent system ethanol-water. The 
two results given in Table XXIII are too uncertain to provide an answer. The 
Table XXill. Isotope Effects on Heats of Solution, (a~- ~)±A, 

































































































































1, 4 -Dioxane 
a -X = 0.684, V = 0.600 




s s AH. (aD-aH) A 1 
-
1 2 -173 
18 2 -154 
27 12 -145 






Table XXIV. Heats of Transfer of Compounds 
from Cyclohexane to Carbon Tetrachloride at 25°C, 












a -from Arnett68 
b - from Drago 

































mean values listed differ by~ 90 cal/mole; however, this difference seems 
unreasonably high when compared to the results of the mixed solvent studies 
for acetone/acetone-d6 and chloroform/chloroform-d. 
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Several factors contributed to the higher uncertainties in the t-butyl 
chloride isotopic investigation as contrasted with the other investigations. 
This was the first calorimetric investigation performed by the author. Vari-
ation of heat of solution with solute composition was not considered. Also, 
this system has the greatest vapor correction and the importance of vapor 
correction was realized only near the end of this study. (Part of this work has 
been published. 69) 
2. Chloroform/Chloroform-d 
The isotope effects on heat of solution, (a~ - a~), for this isotopic 
pair are seen to be primarily exothermic. A slightly endothermic value was 
obtained for the inert solvent cyclohexane. This result is taken to indicate 
that pure chloroform-d. is more associated than pure chloroform. Another 
possible interpretation is that, upon dissolving, chloroform-d breaks more 
cyclohexane-cyclohexane interactions than does chloroform; however, this 
possibility is considered remote. The slightly positive heat of solution of 
chloroform-d. in chloroform also indicates greater association for pure 
chloroform -d. than chloroform. 
The isotope effect on the heat of solution in cyclohexane was subtracted 
from all of the other values to yield the isotope effects on solute-solvent 
interaction, ~i. The 4Hi values are little changed from the (a~ - a~)'s 
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s s 
since (aD - aH) for cyclohexane is small. 
The most exothermic values are for the solvents, acetone, tetrahydro-
furan, 1, 4-dioxane and pyridine. These solvents are generally considered 
more basic than the others studied. Since chloroform can hydrogen bond with 
these solvents, the results indicate that chloroform-dis more strongly or 
more extensively hydrogen bonded to bases than chloroform. 
The values for the methanol-isopropanol system were determined, as 
in the t-butyl chloride study, to see if (a~ - a~) changed with mixed solvent 
composition. Although there is a trend in these results, the isotope effects do 
not indicate a statistically reliable change with solvent composition. 
Hydrogen-deuterium exchange of chloroform-d with the solvents or 
with trace water in solvents was not considered to be important. As indicated 
in the Introduction, the exchange with water as the solvent has a large half-
life. Also, it may be inferred from the results of d1 -alcohols that hydrogen-
deuterium exchange is manifested in erratic behavior of plots of beat of 
solution versus average molality. No abnormal behavior was noted in these 
plots for chloroform-d (i.e., all such plots were linear). 
3. Acetone/Acetone-d6 
The isotope effects on heats of solution for this system ranged from 
exothermic to substantially endothermic. The solvents included those which 
could hydrogen bond to the oxygen of acetone, bases and the inert solvents. 
The positive isotope effect on the heat of solution in the solvent chloroform at 
first seemed surprisingly large in view of the chloroform/ chloroform -d 
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s s 
results. However, (aD - aH) in cyclohexane was highly positive, indicating 
a greater association for pure acetone-d6 than for acetone by 172 ± 6 cal/mole. 
The positive heat of solution of acetone-d6 in acetone also could suggest 
greater association for pure acetone-d6. That acetone is strongly self-
associated may be inferred from its relatively high endothermic heat of 
solution in cyclohexane, 2.4 kcal./mole. The heat of vaporization of acetone-d 6 
was 150 ± 92 cal./mole greater than that of acetone; this indicates greater 
association for acetone-d6. When the 172 cal./mole for cyclohexane is sub-
tracted from all of the other (a~ - a~)'s to yield AHi's, each Alii becomes 
exothermic as in the chloroform/chl.oroform-d study. 
The mixed solvent system, ethanol-water, was used as in the t-butyl 
chloride study. The isotope effects appear to change slightly with sol vent 
composition. 
The large exothermic AH.'s for the basic solvents indicate some type 
1 
of interaction with acetone and acetone-d6 that is different in degree or magni-
tude for the two. This association could be hydrogen bonding through the 
methyl groups of the two acetones or perhaps dipole-dipole interaction. 
As in the chloroform study, hydrogen-deuterium exchange was not 
considered to be important in these results. Keto-enol tautomerism would be 
important in proton exchange with acetone-d6• However, the large half-life 
for deuterium removal from acetone-d6 in neutral water (see Introduction) 
suggests that at least in this solvent exchange and tautomerism would not 
influence the present heat results. Also, no erratic behavior, as in the case 
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of d1 -alcohols, was noted for the heats of solution of acetone-d6 with solute 
composition. 
4. Methanol/Methanol~ 
All of the isotope effects on heat of solution in this study were found to 
be endothermic. Due to non-reproducible heats when cyclohexane was used as 
solvent, (see Results section III. B.2.) carbon tetrachloride was taken as the 
inert solvent. The large endothermic isotope effect on heat of solution in 
carbon tetrachloride indicates that methanol-d1 is more strongly or more 
extensively associated than methanol. Efremov and Zel'venskii 70 determined 
that the heat of vaporization of methanol-d1 was~ 130 cal/mole greater than 
that of methanol (near 50° C); this also indicates more or stronger self-
association for methanol-d1 than for methanol. 
When (a~ -~)for I= carbon tetrachloride is subtracted from all of 
the other (rt -as), only exothermic AH. 's result. The AH. 's for the basic 
1J H 1 1 
solvents may be interpreted in terms of hydrogen bonding. From the sign and 
magnitude of these results, it is inferred that methanol-d1 is either more 
strongly or more extensively hydrogen bonded to bases than methanol. 
The isotope effects for the solvents water and methanol were determined 
so that heats of exchange could be calculated. These calculations are given in 
the Semi-Quantitative Observations section. Since hydrogen-deuterium ex-
change in d1 -alcohols is very rapid (see Introduction), an exchange component 
appears in the heats of solution of methanol-d1 in water and methanol. Also, 
if any hydroxyl- containing impurity, such as water, were present in a 
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solvent, a heat of exchange would be included in the measured heat of solution 
for methanol-d1 in this solvent. Such an inclusion was considered to be the 
cause of deviation of the first heat of several heats determined for methanol-d1 
in one lot of the solvent pyridine. Omission of the first heat hopefully 
removed the exchange component. The possibility exists that exchanges have 
affected all of the results for methanol-d1 and consequently for ethanol-d1 . 
However, it is believed that such exchanges, if prevalent, would have been 
detected in analyses of the heat data. 
5. Ethanol/Ethanol-d1 
The results for this isotopic pair were similar in magnitude to those 
of methanol/methanol-d1 . Most of the arguments used above for discussion 
of methanol/methanol-d1 systems apply here. With regards to the isotope 
2 
effect on heat of vaporization, Rabinovich found the heat for ethanol-d1 to be 
80 ± 80 cal/mole greater than that of ethanol. 
Cyclohexane was amenable for use as the inert solvent for ethanol/ 
ethanol-d1 . The isotope effects on the heats of solution in cyclohexane and 
carbon tetrachloride for this isotopic pair are essentially the same. This 
suggests that use of carbon tetrachloride for the inert solvent with methanol/ 
methanol-d1 systems was valid. Hence, (a~ -a~) for I= cyclohexane was 
subtracted from all of the (a~ - a~)'s to yield AHi's. 
6. Water/Heavy Water 
The solvents, methanol and isopropanol, undergo rapid isotopic 
exchange with heavy water (see Introduction). They also may form hydrogen 
bonds with both water and heavy water. Systems such as these are complex 
and generally subject to only qualitative discussion. However, in the next 
section the methanol results will be used to determine a heat of exchange. 
71 s s 
Carter has found (aD - aH) for S = isopropanol to be -175 cal/mole. 
This is in excellent agreement with the present result, -171 cal/mole. 
The solvent dioxane can form hydrogen bonds with water and heavy 
water5. In view of the exothermic .6Hi's for methanol/methanol-d1 and 
ethanol/ethanol-d1 with dioxane, hydrogen bonding would be expected to pro-
duce an exothermic component to (a~ - a~) for water /heavy water with 
dioxane. The observed endothermic isotope effect on heat of solution in 
dioxane is considered to result from the greater self-association of heavy 
water than water. Such a circumstance for self-association may be inferred 
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from the greater heat of vaporization, by 331 cal/mole at 25°C from 
Rossini3 , of heavy water than water. The present isotope effect in dioxane is 
71 in fair agreement with the result of Carter , 124 ± 70 cal/mole. 
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B. Semi-Quantitative Observations and Interpretations* 
1. Hydrogen Bonding Systems 
The isotope effects on solute-solvent interaction for the isotopic pairs, 
chloroform/chloroform-d, methanol/methanol-d1 and ethanol/ethanol-d1 , with 
the bases, pyridine, tetrahydrofuran and 1, 4-dioxane, can be interpreted 
semi-quantitatively in terms of hydrogen bonding. Arnett's Method II26 plays 
a central role in this interpretation. This method was mentioned briefly in 
the Introduction and is discussed critically in the Appendix along with phenol 
results from the present work. Table XXV gives the experimental processes 
for Arnett's Method II. The symbols, except B, have the same meanings as 
those in Table XXI. B represents a specific type of interacting solvent, a base 
capable of hydrogen bonding. The only new symbol is MH, which represents 
a model compound for AH. The ideal model compound would act as AH in all 
intermolecular interactions except hydrogen bonding; the dominant hydrogen 
bonding ability of AH would be absent in MH. 
The processes in Table XXV may be appropriately summed to yield 
process (23). 
AH·ooi + MH·aoB-+ AH•aoB + MH·aoi (23) 
If MH is an ideal model compound, I is truly an inert solvent, and AH forms 
a hydrogen bonded complex, AH:B, then equation (24) gives the enthalpy 
* -Much of this section stems originally from ideas conveyed to the author 
during discussions with G. L. Bertrand. 
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Table XXV. Experimental Processes for Arnett's Method II 
AH + coB -+ AH·a:~B (13) 
MH + =B -+ MH•coB (21) 
AH + aol -+ AH· coB (14) 
MH + col -+ MH•col (22) 
change for process (23 ). 
0 AH23 = AHH = f(AH:B)AH (AH:B), (24) 
wh~:re f(AH:B) is the fraction of AH molecules in the complex, AH:B and 
~H0 (AH :B) is the standard heat of formation of AH:B through the equilibrium 
process (25). 
AH(B) + B(B) i! AH:B(B) (25) 
The parentheses in process (25) indicate that the preceding species is 
extremely dilute in the solvent B and relatively unassociated with other 
molecules. 
In order to semi-quantitatively interpret isotope effects in terms of 
hydrogen bonding, values of gB from equation (1) (see Introduction) were 
required. Rearrangement of equation (1) gives 
0 1. 
gB =- .6H (AH:B)/~ 2 (AH:B) 
70 
Calculation of gB values requires a knowledge of A.H0 (AH:B)'s. The results 
from the phenol study may be used to obtain AH0 (AH:B)'s, where AH =phenol 
and B =pyridine, 1, 4-dioxane, tetrahydrofuran or acetone. 
By assuming that phenol, dissolved at high dilution in a base (~., py-
ridine or tetrahydrofuran), is almost completely hydrogen bonded to that base, 
Arnett found good agreement between heats of formation of hydrogen bonds 
obtained from his Method II (pure base method) and another method (high 
dilution method). 26 This assumption (f(AH:B~1 for AH =phenol) is also used 
0 here and gives A~3 ~ AH (AH :B). 
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Using data from the present phenol study to yield processes such as (23) 
0 gave four .6H (AH:B)'s for each base, where I== cyclohexane or n-heptane and 
MH ==anisole or toluene. The four AH0 (AH:B)'s for a given base were averaged. 
1 
The average, -AH0 (AH:B), was divided by the appropriate IJ. 2 (AH:B) to yield a 
1. 
value of gB. The average gB's (cal/g2 ) with average deviations for the studied 
base were found to be 1230 ± 70 forB== pyridine, 870 ± 80 forB= 1, 4-dioxane, 
1020 ± 80 for B = tetrahydrofuran and 1020 ± 90 forB== acetone. These gB 
values will be used for interpretation of the isotope effects in hydrogen bonding 
systems. 
A deuterium solute AD, isomeric to AH, can be treated in the same 
manner as AH above to yield process (26), which is analogous to process (23). 
In process (26) MD is the model compound for AD. 
AD•col +MD· coB-+ AD·coB + MD·..,I (26) 
The enthalpy change for this process is given as equation (27). Here 
L\H26 =A~= f(AD:B) AH0 (AD:B) (27) 
f(AD:B) represents the fraction of AD molecules in the hydrogen bonded 
complex AD:B and A,H0 (AD:B) is the standard heat of formation of AD:B through 
the equilibrium process (28). 
AD(B) + B(B) 4!AD:B(B) (28) 
Since the model compound for an acid is formed from that acid by 
replacing the interacting group with a non-interacting group (~., anisole was 
used as a model for phenol above), it is assumed that MD and MH are identi-
cal. With this in mind, process (23) is subtracted from process (26) to yield 
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process (29). 
AD•aol + AH·=B-+ AD• caB+ AH•aol (29) 
This process is seen to be equivalent to process (19) in Table XXII. The 
enthalpy change for process (19) was called the isotope effect on solute-solvent 
interaction, All.. For process (29) the specific solute-solvent interaction is 
1 
considered to be hydrogen bonding. The enthalpy change for process (29) is 
given as equation (30) and is the difference of equations (27) and (24). 
0 0 
AH30 = ,C.Hi = .6H27 - AH24 = f(AD:B) AH (AD:B) - f(AH:B)AH (AH:B) 
(30) 
The enthalpy change as equation (3 0) results from the difference in 
standard heats of formation and fractions of AH and AD complexed with B. 
Letting C represent the difference in fractions complexed, f(AD:B) = f(AH:B) 
+ C, equation (30) becomes after substitution: 
AH. = f(AH:B) (AH0 (AD:B) - AH0 (AH:B)) + C,6H0 (AD:B) 
1 
By definition, 0 s: f(AH:B) s: 1; and, as will be seen subsequently for the systems 
considered, I (AH0 (AD:B) - ~H0 (AH:B)) I is always less than 70 cal/mole, while 
AH0 (AD:B) is generally near 5 kcal/mole. Therefore, if the fractions com-
0 plexed differ significantly (i.e., Cis relatively large), the term, CAH (AD:B) 
can contribute greatly to the isotope effect on solute-solvent interaction. For 
an extreme example, using the magnitudes given above and taking C = 0.1 
would yield lAH.j ~ 500 cal/mole. On the other hand, taking the maximum 
1 
value of unity for each fraction would yield l.AH.l ~ 70 cal/mole. Absolute 
1 




If the standard enthalpy changes and fractions in equation (30) can be 
estimated, independent values of ~H. can be calculated from equation (30) and 
1 
compared with the experimental values in Table XXIII. The standard enthalpy 
0 0 . 
changes, A.H (AD:B) and AH (AH:B), as previously suggested may be estimated 
from equation (31) and the gB values from 
0 _!. 0 1. ~H (AD: B)= g#2 (AD:B); AH (AH:B) = -gB~-' 2 (AH:B) (31) 
the phenol-base study. It is assumed that gB is not significantly different for 
AH and AD; however, the effect of a slight difference will be discussed 
subsequently. 
At present, no feasible method exists for the exact determination of the 
fractions, f(AH:B) and f(AD:B), for the isotopic pairs studied; however, these 
may be written in terms of a common variable, K25 = KH. If the equilibrium 
process (25) is subtracted from the equilibrium process (28), process (32) 
results. There is reason to believe that 
AD(B) + AH:B(B) +:! AD:B(B) + AH(B) (32) 
the standard entropy change for process (32) is zero or negligibly small. 
Paabo, Bates and Robinson72 determined the entropies of ionization of several 
isotopic isomers of acetic acid in both water and heavy water as solvents. All 
entropy changes obtained in water were identical; and although slightly 
different from the entropies in water, all entropies obtained in heavy water 
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were identical. Similarly, Bellobono and Beltrame found that the entropies 
of protonation or deuteration of the nitrogens in pyridine and pyridine-d5 were 
equivalent in both water and heavy water. These two studies involve more 
drastic changes than process (32). 
Taking the standard entropy change for process (32) to be zero allows 
the standard free energy and enthalpy changes for process (32) to be equated, 
and thus the writing of equations (33). 
o I o o ~ exp(-AH32 (RT)) = exp(-(L\H (AD:B) - .6H (AH:B))/(RT)) 
1 1 
= exp(gB~ 2 (AD:B)- 1J2 (AH:B)) (33) 
In equation (33) the K's represent equilibrium constants for the processes 
indicated by subscripts, K28 = ~, K25 = KH, .6G~2 represents the standard 
0 0 0 free energy change for process (32), AH32 = .AH (AD:B)- AH (AH:B) 
represents the standard enthalpy change for process (32 ), R is the ideal gas 
constant, T represents the absolute temperature, and the other symbols have 
been previously defined. The last equality in equation (33) resulted from 
substitution of equations (31). 
1 1 
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Since gB>O and IJ2 (AD:B) > 1J2 (AH:B), equations (33) predict that KD > 
KH. In other words, if As~2 = 0 and the empirical equations (31) are exact, 
then in the basic solvent B, AD is more extensively complexed as AD:B than 
AH as AH:B. 
Using the mole fraction basis for equilibrium constants, f(AD:B) and 
f(AH:B) may be written in terms of KD and KH: 
Kn KH 
f(AD:B) =- and f(AH:B) =i+K • 1+~ H 
When these equations are substituted into equation (30), equation (34) results. 
1 1 
From equatiQp (33), KD = ~exp(-gB(IJ2 (AD:B)- 1J2 (AH:B))/RT). 
~ o KH o ~H. = i+K .6H (AD:B) -l+K AH (AH:B) 
1 D H 
(34) 
This equation and equations (31) are substituted into equation (34) to yield AH. 
1 
in terms of one unknown, KH, for a given isotopic pair and base. 
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Since appropriate KH 's have not been determined for the systems being 
treated, ~Hi can not be calculated exactly from equation (34). However, AHi 
for each system can be calculated as a function of the variable KH and compared 
in terms of plausibility with the experimental AH. 's given in Table XXIII. Table 
1 
XXVI gives ~Hi versus KH from equation (34) for the isotopic pairs, chloroform/ 
chloroform -d, methanol/methanol-d1 , and ethanol/ethanol-d1 with several 
bases. The values of gB and experimental .~:U\'s are also listed in this table. 
The .6Hi's and KH's for the first system (chloroform/chloroform-d with pyridine) 
in Table XXVI are illustrated in Figure 2. All systems when treated by 
equation (34) yield curves having the same general shape as Figure 2. 
By comparing the calculated and experimental AH.'s in Table XXVI, it 
1 




while for other systems the experimental AH.'s lie below the calculated 
1 
Part of the discrepency between calculated and experimental AH.'s is 
1 
due to uncertainties in the experimental values. The uncertainties in the 
experimental ,6H. 's are not only those of experimental precision but also those 
1 
inherent in Arnett's Method II. (For a discussion of the inexactness of Arnett's 
Method II, see the AppendiX.) Much of the inexactness in Arnett's method, 
when applied to one compound, should cancel when applied as a difference for 
















Table XXVI. Calculated A.H.'s (cal/mole) for 
1 
Isotopic Pairs with Several Bases* 
Chloroform/ Chloroform -d. ]dethanol/]dethanol-d1 
p D A T p D T 
-18 -10 
- 9 -11 - 60 - 33 - 38 
-51 -29 -24 -31 -168 - 93 -107 
-59 -34 -28 -37 -198 -110 -127 
-58 -34 -28 -36 -198 -112 -128 
-56 -33 -27 -35 -190 -108 -124 
-50 -30 -24 -32 -173 -100 -114 
-45 -27 -22 -29 -158 - 94 -105 
-41 -25 -21 -26 -146 - 88 - 98 
-30 -19 -16 -20 -114 - 72 - 79 
-26 -17 -14 -17 -100 - 65 -71 
-23 -16 -13 -16 - 92 - 61 - 66 
-22 -14 -12 -15 - 87 - 59 -64 
-24 -24 -40 -39 -171 -155 -173 
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Ethanol/Ethanol-d1 
p D T 
- 47 -26 -29 
-130 -73 -82 
-152 -86 -96 
-152 -87 -97 
-146 -84 -93 
-131 -77 -85 
-119 -72 -78 
-110 -67 -73 
- 84 -54 -58 
- 73 -48 -51 
- 67 -45 -48 
- 63 -43 -46 
-154 -130 -145 
* Base Pyridine (P) 1, 4-Dioxane (D) Acetone (A) Tetrahvdrofuran (T) 
(cal) 1230 gB .!. 
g2 
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Figure 2. Calculated 6.Hi versus KH for Chloroform/Chloroform-d with Pyridine 
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The ability to use the same model compound for each member of the 
isotopic pair removes much of the uncertainty inherent in the concept of a model 
compound. Also, non-hydrogen bonding interactions should cancel to a large 
extent in the differences for two isotopic isomers. However, if the enthalpies 
of formation of non-hydrogen bonding interactions assume a mass dependent 
form such as equations (31), a non-hydrogen bonding term would remain in the 
experimental 4H .. 
1 
Concerning hydrogen bond formation, equations (31) and (33) predict 
that the deuterium isomer is more strongly and more extensively complexed 
than the hydrogen isomer. If this were the case for non-hydrogen bonding inter-
actions with the basic solvent, a non-hydrogen bonding term would appear as 
an exothermic component in the experimental AH.. Such a component would 
1 
cause an experimental A.H. to be more exothermic than a calculated 4H. from 
1 1 
equation (34). As mentioned previously, several of the experimental A.H. 's 
1 
are more exothermic than calculated ones. 
Inaccuracies in the calculated AH. 's stem partly from uncertainties in 
1 
the g 's. Five per cent is considered to be a reasonable estimate for the 
B 
accuracy of the present gB values. The effect, on a calculated AHi, from 
changing gB varies with KH and is greatest at the minima in plots such as 
Figure 2. For the systems, chloroform/chloroform-d with pyridine, a change 
of roughly five per cent in gB causes a change of nearly seven per cent in the 
calculated AH. at the minimum. As indicated in the Introduction, it is not 
1 
unreasonable to suppose that the gB values, previously considered only base 
dependent, contain so:rne acid dependence. If this were the case, AD and AH 
might not share a com:rnon g:B. Witb pyridine as the base, if the gB for 
chloroform-d were only one per cent greater than that of chloroform, the .£\H. 
1 
at the minimum in Figu.:re 2 would become more exothermic by ~ 500%. In 
view of this possibility 9ll.d all of the factors mentioned above, the agreement 
between experimental aJld. calculated .6-H.'s is considered to be good. 
. 1 
2. Speculative Infe't'ences 
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Some of the 't'eSults fro:rn the acetone/acetone-<16 study may be inter-
preted by using the treatment of hydrogen bonding systems given in the previous 
section. Conside:r for tbe moment that the hydrogens or deuterons of the 
:methyl groups in acetone or acetone-d6 can form hydrogen bonds with the basic 
solvents pyridine, 1,4-..dioxane and acetone. The experimental isotope effects, 
.6H.' s, in these solvents given in 'fable XXIII could then be attributed to 
1 
hydrogen bond for:tJlatiop. If it is assumed that the acetones form one-to-one 
complexes with the bases and further that the acetones when dissolved in bases 
are almost entirely co:tnplexed, then equation (34) reduces to ,6Hi ~ .0H0 (AD :B) 
- .6H0 (AH:B). By using the eqo.ations (31), the previous equation becomes AH. 
1 
],_ ],_ 
~ -gB(~2 (AD:B) - U2 (.AD:B)). This equation was used with the gB values for 
pyridine, 1, 4-dioxane and acetone and the appropriate acetone-base reduced 
masses to yield calculated A.H.'s. 'fable XXVII gives the calculated and 
1 
observed .6.H.'s with estimated uncertainties as precision. Considering the gross 
1 
approximations Ul:!ed. in obtainblg the calculated .dH.'s, the agreement of calcu-
1 
lated and experimental AIL's is amazing; however, this agreement could well 
1 
be entirely fortuitous. 
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Besides a strict interpretation in terms of hydrogen bonding, a more 
general and equally unfounded interpretation may be given to the results in 
Table XXVII. Hydrogen bond formation has in the past been interpreted with 
qualitative success as resulting from the union of two dipoles or bond moments. 74 
This treatment uses the classical equation, 
(35) 
where the /J' s are dipole moments, D is the dielectric constant of the system, 
r is the equilibrium separation, and E is the potential energy of two molecules 
0 
held together by a "head-to-tail" union of the dipoles. Heats of mixing for acid-
base pairs were interpreted by equating them withE's. 74 Base-base as well as 
acid-base interactions could be attributed to dipole or bond moment interactions. 
B~ttcher 75 has derived the approximate equation for dipole moments of 
1 
pure liquids, ,J = FM2 , where /J is the dipole moment, M the molecular weight, 
and F is a function containing density, refractive index, dielectric constant and 
temperature as variables. When this equation for two compounds, AH and B, 
is substituted into the classical equation for E, the following equation results: 
.l 3 
E = F AH FB(MAH MB)2/(Dro). 
1 1 
In practice, the term (MAH MB)2 behaves similar to the reducedmass, (MAHMB)2 I 
1 l 
(MAH + MB)2 , especially for restricted ranges of MAH and MB. If (MAH MB)2 
were the dominant term in the above equation, this equation might well be 
consistent with the empirical equation (1). At present, 
.l 
o (MAH MB)2 
l.\H (AH:B) = -g .1 
(MAH +MB)2 
(1) 
cal Table XXVII. Calculated and Experimental ~H.'s l~) 
1 'mole 
for Acetone/ Acetone-d6 with Bases 
Base Experimental Calculated 
Pyridine -174±5 -202±12* 
1, 4-Dioxane -153±5 -159±14* 
Acetone -134±5 -168±12* 
* -calculated from average deviation in gB 
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insufficient pertinent data are available to test this analogy. However, some 
circumstantial evidence exists concerning equation (35) and the .OH. 's. 
1 
From existing dipole moments of several isotopic pairs:6it may be 
inferred that replacement of hydrogen by deuterium, in at least some cases, 
increases the dipole moment. This increase in dipole moment has been 
interpreted 77 as causing a decrease in intermolecular distances in hydrogen 
bonding systems. Therefore, if, as the meager evidence suggests, replace-
ment of hydrogen by deuterium increases J.L and decreases r ; then, equation 
0 
(3 5) would predict that deuterium compounds are more strongly hydrogen 
bonded to bases than hydrogen compounds. This prediction is in agreement 
with the calculated and experimental AH.'s. 
1 
3. The Heat of Formation of HOD, ~OD' in Mixtures of Water and Heavy 
Water at 250C 
As indicated in the Introduction, Skripov and Povyshev11 obtained a 
trend in AHf as a function of solvent composition. They considered their 
HOD 
best average value to be 7. 65 ± 0. 25 cal/mole. 
No trend was observed in the present study (see Table XVII). The best 
average value for A !l in this work was found to be 7. 88 ± 0. 05. HOD 
Although the results are in agreement with the ideal associated 
solution concept13a, they do not prove the validity of this concept for water-
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heavy water mixtures. The results could arise from fortuitous cancellation of 
small or similar energy terms. 
4. The Heat of Hydrogen-Deuterium Transfer between Methanol and Heavy Water 
0 With the experimental results at 25 C for the mixing of different pairs 
from the set (methanol, methanol-d1 , water, heavy water), near infinite 
dilution of one component, two independent schemes may be obtained for 
evaluating the enthalpy change for the hydrogen~euterium transfer of process 
(36). The experimental processes and enthalpy 
(36) 
83 
changes necessary for the two schemes are given in Table XXVIII. In this 
table and process (36), (1) refers to the pure liquid, ecX refers to a very large 
amount of the solvent X, Y· eo X refers to the compound Y near infinite dilution 
in the solvent X, and ,6H ± a refers to the enthalpy change of the given process 
along with the experimental uncertainty as precision. 
The two schemes for obtaining process (36) are given in Table XXIX. In 
one scheme methanol was used as the solvent for all of the experimental 
processes; in the other scheme, water was used as the solvent. The experi-
mental processes from Table XXVIII are rewritten in Table XXIX in such a 
way that they may be directly summed to yield process (35). This rewriting 
required knowledge, independent of the present work. It was necessary to know 
that hydrogen-deuterium exchange on hydroxylic groups proceeds very rapidly; 
this fact was found in the literature29 and discussed in the Introduction. It was 
also necessary to use the logical assumption that when two solutions, which are 
individually infinitely dilute in the same solvent, are mixed there is no 
enthalpy change. 
The resultant agreement of the two schemes, -97 and -95 cal/mole, for 
the enthalpy change of process (36) is very satisfying, especially when the 
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Table XXIX. Heats of Hydrogen-Deuterium Transfer, aH±A(cal/mole) at 
25°C 
H OocooH 0 2 2 
Methanol as Solvent 
Process 
_. iH20 + CXl CH30H, (f) 
Water as Solvent 
Process 
_. CH OH•~»H 0 3 2 














magnitudes of the enthalpy changes for the individual experimental processes are 
considered. The final• result from each scheme is an order of magnitude less 
than the largest number used in obtaining it. Since the enthalpy changes in the 
first two steps in each scheme are the dominating one, this comparison provides 
a measure of the accuracy of these observed heats. The final agreement 
suggests that the accuracy of the calorimetric measurements in this study was 
very good. In fact, upon comparing the agreement of the final results with 
estimated uncertainties, it is apparent that the estimated uncertainties, if 
anything, could be smaller. Another fact which speaks for the accuracy of the 
calorimetric technique is the close agreement between the present heat of 
solution of methanol in water, -1746 cal/mole, and a value from the literature 78 , 
0 
-1735 cal/mole, both at 25 C. 
Since the isotope effects on heats of vaporization of water and methanol 
are known (heavy water minus water3 = 331 cal/mole, methanol-d1 minus 
methanol 53 = cal/ mole, both at 25° C), the enthalpy change for process (36) in 
the gas phase, process (37), may be calculated. The enthalpy change for process 
(37), where (g) refers 
(37) 
to the pure gaseous component, is given as ~(331) + (116) - (95) = -145 cal/mole. 
With the enthalpy change for process (37) and the heats of formation 79 
of gaseous water and heavy water, the difference in heats of formation of the 
gases, methanol-d1 minus methanol, was calculated as -1027 cal/mole at 25° c. 
Using this difference and the heats of formation 79 of gaseous deuterium and 
hydrogen atoms, the molar enthalpy of bond dissociation for the 0-D bond in 
methanol-d1 minus that for the 0-H bond in methanol is +1913 cal/mole at 
25°C. 
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V. CONCLUSIONS AND RECOMMENDATIONS 
Previous to this work, few definitive investigations concerning the 
differences in enthalpies of interaction for hydrogen-deuterium isomeric com-
pounds with other compounds have been attempted. Those that have been 
attempted involved the temperature dependence of an equilibrium constant, 
such that the imprecision of the technique was comparable in magnitude to 
the observed effect. 
This calorimetric investigation produced results of sufficient precision 
to determine not only the sign but also magnitude of relative interactions. 
These results have been treated, using a generalized version of Arnett's 
Method rr26, conclusively showing that deuterium compounds interact more 
strongly or more extensively than their corresponding hydrogen isomers in 
every case studied (chloroform/chloroform-d, acetone/acetone-d6 , methanol/ 
methanol-d1, and ethanol/ethanol-d1 in a variety of solvents). Also, these 
results imply that solvent effects can be important in ki.11.etic isotope effects. 
For the systems which clearly involve hydrogen bonding as a dominant 
interaction, use of an empirical equation for the prediction of enthalpies of 
formation of hydrogen bonds led to the conclusion that a given deuterium com-
pound is more strongly and more extensively hydrogen bonded to bases than its 
corresponding hydrogen isomer. The empirical equation (1), which was used, 
needs more investigation as to its range of applicability. In particular it 
would be beneficial to determine the empirical constant in this equation by 
investigating an acid which is much smaller in mass than phenol and also one 
which is much larger in mass. 
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The generalized scheme of Arnett's Method ~6 should be applicable 
to dominant interactions other than hydrogen bonding. Since use of this 
89 
scheme for isotope effects on enthalpy changes removes a few vague components 
(e. g., those due to a model compound), studies by this scheme for isotope ef-
fects on heats of solution in non-hydrogen bonding systems should improve the 
existing knowledge of solute-solvent interactions. 
The heat results from the mixing of water and heavy water suggest 
that, with regards to enthalpy, the water-heavy water system is consistent 
with the ideal associated solution concepl3a. However, these results do not 
constitute a. proOf of ideality for this system. 
The agreement, -95 and -97 ca.I/mole, for the two different paths used 
in determining the heat of complete hydrogen-deuterium transfer at 25 ° C 
between pure methanol (one mole) and heavy water (one-half mole) indicates 
the feasibility of such studies. The heat of hydrogen-deuterium transfer for 
many hydroxyl containing compounds could be determined in this manner. 
Due to large experimental uncertainties, most existing hydrogen-
deuterium isotope effects on heats of vaporization are of only qualitative use. 
Calorimetric determinations of these heats could produce values which are more 
amenable to quantitative interpreta.tion. 
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Vlli. APPENDIX A* 
*'Ibis is published in the Journal of the American Chemical Society, April 22, 1970. 
Calorimetric Determination of Heats of Formation of Hydrogen Bonds 
Dear Sir: 
We wish to report the results of an investigation designed to test the 
reliability of heats of formation of hydrogen bonds determined by one of the 
calorimetric methods that have been devised in recent years 1- 3 . 
1. T. F. Bolles and R. S. Drago, J. Amer. Chern. Soc., ~. 5015 (1965). 
2. L. La.mberts, J. Chim. Phys., 62, 1404 (1965). 
3. E. M. Arnett, T. S. S. R. Murty, P. von R. Schleyer, and L. Joris, J. 
Amer. Chern. Soc., 89, 5955 (1967). 
While there are important differences in the thoroughness of the different 
techniques and in the reliability of the results obtained, the reported values 
refer to one of the two processes, 
A(I) + B(l) - AB(l) 
or 




In processes 1 and 2, the symbols A, B, AB, and I refer to the acid, the base, 
the hydrogen bonded complex, and an inert solvent, respectively. The symbol 
M represents a. "model" compound, which hopefully accounts for solvent-
solute interactions other than hydrogen bonds between the acid and the solvents3 . 
Parentheses indicate that the preceding species is extremely dilute in the in-
dicated solvent. 
1 2 3 The methods of Drago and La.mberts and Arnett's Method I 
3 
:t.na.y be represented by process 1; and Arnett's Method II by process 2. Ar-
nett has shown that the two methods give essentially the same results for 
hydrogen bonds between phenol and several bases with carbon tetrachloride a.s 
inert solvent. Drago and Epley4 have studied several acid-base pairs in 
4. R. S. Drago and T. D. Epley, ibid, 91, 2883 (1969). 
different inert solvents, cyclohexane and carbon tetrachloride, and found that 
the results may be quite different. While we feel that their heats in cyclohexane 
are much less reliable than reported, as will be indicated later, the discrepancy 
between the heats of hydrogen bonding in the two solvents is probably real. 
Studies of a hydrogen bond in different solvents and by the two methods can pro-
vide useful information regarding interactions in solution, providing the relia-
bility limits of the methods can be established. It is apparent that no single 
study by either method could detect the existence of strong interactions between 
the "inert" solvent and either the acid or the base. A comparison of the values 
determined by the two methods using the same "inert" solvent should detect such 
interactions between the solvent and the base, since in process 2 the two are 
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never in contact. However, in the case of pyridine as base in carbon tetrachloride, 
where both Drago 4 and La.mberts 5 have noted that such interactions exist, no 
5'. D. Neerinck and L. Lamberts, Bull. Soc. Chim. Belges, 75, 473 (1966). 
discrepancy was noted between the values obtained by the two methods3. This 
comparison could not possibly detect interactions between the acid and the sol-
vent, since the species A(I) is common to both methods. 
As a. first step in establishing these reliability limits, we have investi-
gated the effects of different inert solvents and model compounds on the heats 
:193942 
calculated for process 2. 'l1le inert solvents are carbon tetrachloride, cyclo-
hexane, and ~-heptane; and the model compounds involve the substitution of a 
methoxy group (M1) or a methyl group (M2) for the hydroxy group of the 
parent acid. The heats of solution of phenol and its model compounds, ani-
sole and toluene, were determined in the three inert solvents and the basic 
solvents pyridine, tetrahydrofura.n (THF), E_-dioxa.ne, and acetone. The 
6 
calorimeter has been described elsewhere and experimental details will be 
given in a forthe:JDming paper 7. All of the heats of solution in basic solvents 
6. G. L. Bertrand, R. D. Beaty, and H. A. Burns, J. Chern. Eng. Data,~. 
436 (1968). 
7. In this paper, we will show that the heat determined for process 2 should 
refer to the heat of formation of the hydrogen bond with all species (A, B, 
and AB) at infinite dilution in pure base, assuming the acid is almost com-
pletely complexed. 
and those for the model compounds in inert solvents are relatively independent 
of concentration. The heat of solution of phenol in the hydrocarbon solvents 
is strongly dependent on composition ( hlJ = 7. 625 - 8. 0 ~ + 0. 02 kcal mole - 1 
between 0. 004 and 0. 03 ~in cyclohexane). This concentration dependence, 
which is probably due to self-association of phenol, was not noted by Epley 
and Drago 8 in th~ir det~rminations of .heats of hydrogen bonding in this solvent 
8. T.p. ~pleyancJ.E..S. I)ra:go, .. J .. Am~r. <;::11eJ;U. Soc.,~. 5770 (1967). 
at even greater concentrations of phenol. Since the assumption of an ideal 
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dilute solution is inherent in the treatment of data. with process 1, the relia-
bility limits on heats of formation of hydrogen bonds in this solvent must be 
regarded as questionable. 
Our heats of solution, extrapolated to infinite dilution, were combined 
to give the heats for process 2 listed in Table 1, along with values that have 
been reported for process 1. These heats indicate that the heats of formation 
of hydrogen bonds determined by this method are strongly dependent on the 
choice of both the inert solvent and the model compound. Since there is 
apparently no basis for choosing one model compound as more appropriate 
than the other, there is no guarantee that the actual heat of formation of the 
hydrogen bond lies within the range of the values calculated for different com-
binations of inert solvent and model compound. The values determined with 
carbon tetrachloride as inert solvent are significantly lower (0. 2 to 0. 9 kcal) 
than corresponding values in the hydrocarbon solvents, which could indicate 
relatively strong interactions of this solvent with phenol. 
In calculating the heats for process 2, we realized that the disparities 
between the model compounds apparently arise in their heats of solution in the 
inert solvents. Since this heat has nothing to do with the actual formation of 
the hydrogen bond and enters the calculation primarily as an approximation, 
we wish to propose an alternate treatment by which this method can produce 
useful information. 
By combination of eq 2 written for two different bases (B and B') with 
the same acid, we eliminate all species dissolved in the inert solvent, as in 
process 3. This necessarily removes any contribution of the inert solvent to 
101 
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Table I. Effects of Model Compound and Inert Solvent on Heats of Formation 
of Hydrogen Bonds of Phenol with Various Bases, Calculated by 
Process 2. 
Inert Solvent a b Base -A.H- -A.H- -A.H 2 2 1 
-1 (kcal mole ) -1 (kcal mole ) -1 (kcal mole ) 
Pyridine Cyc 1 ohexa.ne 7.5 8.5 8.o£ 
!!_-Heptane 7. 7 8.6 
Carbon 7.3 7. 7 7.2~ 
tetra. chi oride 
7.3 6.6~ 
THF Cyclohexane 5.9 6.9 
!!_-Heptane 6.1 7.0 




Acetone Cyclohexane 5.5 6.6 
!!_-Heptane 5.7 6.7 
Carbon 5.3 5.8 4.9£ 
tetrachloride 
4.6!.. 
.,E-Dioxane Cyclohexane 5.3 6.3 
!!. -Heptane 5.5 6.4 
Carbon 5.0 5.6 
tetra.chl oride 
~model compound is anisole (M1). ~model compound is toluene (M2). 
c 
-reference 8. d - reference 3. 
e 
- reference 5. f -Teference 2. 
AB'(B') + B(B) + M(B)- AB(B) + B'(B') + M(B') (3) 
the results. In the same way that the heat of process 2 can be considered as 
the heat of formation of the hydrogen bond in pure base, the heat of process 3 
can be considered to represent the difference in heats of formation of hydro-
gen bonds of the acid with the two different bases. The heat for this process 
is calculated from the heats of solution of the acid and the model compound 
103 
in the two basic solvents. With elimination of the inert solvent, the method can 
now be extended to acids for which strong self-association prevents accurate 
determination of standard heats of solution in inert solvents. To illustrate 
this point, we have also measured the heats of solution of acetic acid, benzoic 
acid, and their model compounds methyl acetate, acetone, methyl benzoate, and 
acetophenone, respectively. We have chosen THF as the reference base (B') 
and report heats for process 3 in Table n as the heat of transfer of the hydro-
gen bond of the acid from THF to the other bases. These heats are shown to 
be virtually independent of the choice of model compound. In fact, acetophenone 
or methyl benzoate could have been used as the model compound for phenol 
without changing the calculated heats by more than 0. 1 kcal. 
The difference in the heats of formation of hydrogen bonds between an 
acid and different bases may also be calculated from the difference in heats 
determined for process 1. The contribution of the inert solvent is not neces-
sarily eliminated in this combination. From La.mberts' data2 ' 5 we calculate 
2. 0 kca.l for the difference between the phenol-pyridine and phenol-acetone 
interactions with carbon tetrachloride as solvent, compared to an average 
value of 1. 94 kca.l calculated by combination of our data for pyridine and 
Table II. Heats of Transfer of Hydrogen Bonds from THF (B') to Other Bases, 
Calculated by Process 3. 




Acetic acid Pyridine 
£-Dioxane 
Acetone 
Benzoic acid Pyridine 
E.-Dioxane 
Acetone 
-1 6.H3 (kcal mole ) 
Model M1 Model M2 
-1.58 -1.60 
+0. 67 +0. 57 
+0.43 +0. 27 
-1.77 -1.79 
+0. 77 +0. 64 
+0. 79 +0. 81 
-2.08 -1.96 
+0. 92 +0. 98 
+1. 09 +1.18 
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acetone in Table II. Using his Method I, Arnett obtained a difference of 1. 5 
kcal between phenol-THF and phenol-pyridine in carbon tetrachloride com-
pared to our average value of 1. 59 kcal. 
From this study we conclude that heats of formation of hydrogen bonds 
determined by process 2 may be in considerable error, but differences in 
heats determined by this process are at least as reliable as, and possibly more 
accurate than, those determined by process 1. 
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